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ABSTRACT

This study investigated the changes in the species composition and species
distribution within a Hawkesbury sandstone plant community after disturbance by
a fire. It aimed to compare the post-fire recovery process observed in this plant
community with the models of succession which are most frequently employed to
describe recovery after recurrent disturbance. A long-term, diachronic study,
incorporating detailed monitoring of the plant community, was chosen in an attempt
to overcome the problems of interpretation of spatial variation which are inherent in
any synchronic approach to the study of succession. The species composition of a
H aw kesbury Sandstone plant com m unity was assessed before it was
experimentally burnt in 1973. Fire intensity, rate of spread, flame and scorch
height were monitored in order to assess the fire's effect on the community.
Permanent sampling grids of the different understorey species associations in the
plant community were monitored periodically for 13 years after the fire.
The importance of a quantitative knowledge of the pre-fire characteristics of the
community was demonstrated.

It was found that aberrant interpretations of

temporal and spatial variations in species density, species composition and species
distribution could have been made from the post-fire data if quantitative data related
to the pre-fire community had been absent.
The plant community of the study area consisted of five spatially distinct
understorey species associations, each of which corresponded to a different
topographic unit. The behaviour of the experimental fire was found to vary
according to both topographic variation in fuel characteristics and the structural
differences of the understorey associations. Each understorey species association
was the product not only of the particular environmental characteristics of its
location but also of a consistency in the behaviour of fires throughout the history of
its preceding generations.
No chronological change in species composition of the plant community was
observed during the 13 year post-fire period of data collection. The species from
the pre-fire community had achieved potential occupancy of the post-fire community
one year after the fire and most had resprouted or germinated by 6 months after the
fire.

All had established occupancy by 4 years after the fire and many had
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established a subsequent generation in the mature plant community between 4 years
and 13 years after the fire. The subsequent generation was found to be derived not
only from seed which was produced or released after the fire but also from a soil
source which had not germinated in the immediate post-fire environment. The
delay in germination of this seed was found to be attributable to changes of the soil
surface (development of its litter-layer and redistribution of surface soil) which
occurred during a prolonged period of dry years punctuated by extraordinarily
heavy falls of rain.
Although a possible relationship was identified between high fire intensity and
prolific seed germination (particularly for leguminous species), it was found that
regardless of fire intensity, species densities generally declined to their pre-fire
levels as the community matured. This result suggests that, although a fire may
cause a flush of germination, it does not necessarily follow that it will cause an
increase in the ultimate density of a particular population.
The importance of those species which depended on seed germination for
occupancy of the post-fire community was demonstrated. The middle understorey
stratum of the plant community consisted mainly of species which demonstrated a
dependence on an "Obligate Seeder" survival strategy. A mechanism for post-fire
community change associated with the "Obligate Seeder" survival strategy was
identified. Although the plant community was found to be extremely resistant to
change after a single fire, it is likely to be vulnerable to major structural and
compositional change after successive fires if those fires either depleted or enhanced
survival of the seed reserves.

Fires of high frequency and homogeneous

behaviour, if they deplete the seed reserves of the "Obligate Seeders", could reduce
species diversity and change the community from one with a diverse shrubby
understorey to one with a low, herbaceous, ferny understorey. Alternatively, a fire
which bums a community in which the "Obligate Seeder" species were at optimum
seed bearing capacity has the capacity to produce a thicket in which some tall
"Obligate Seeder" shrub species dominate. These species have the capacity to
reduce species diversity and change the structure of the community from a diverse
shrubby understorey to a low dense monospecific woodland canopy with a
herbaceous understorey. Those species with that capacity in the experimental
catchment were Banksia ericifolia, Allocasuarina littoralis and Leptospermum
attenuatum.

m

It is suggested that although a particular fire regime has the capacity to alter a
Hawkesbury Sandstone plant community, a single fire represents no more than an
opportunity to alter location for most plant species. The "catastrophic" possibilities
of heavy rain and subsequent soil erosion and death of plants due to desiccation are
not exclusive to the immediate post-fire period but can occur at any time during the
development of the plant community and can stimulate renewal of the community.
Both spatial and temporal changes in species densities were found to occur as the
plant community developed after the fire. The earliest post-fire recovery of
"Obligate Vegetative Sprouter" species removed the distinct spatial pattern of the
pre-fire understorey associations. Association analysis showed that five pre-fire
understorey associations were reduced to two understorey associations, one located
on the upper catchment benches under a low scattered canopy dominated by
Eucalyptus haemastoma, Eucalyptus eximia and Eucalyptus gummifera and one
located on the lower catchment slopes under a taller, denser canopy dominated by
Eucalyptus punctata, Eucalyptus umbra and Angophora costata. Early in the post
fire development of the community, a high species density was found to result from
opportunistic seed dispersal and germination of species from all of the understorey
types in the catchment. As the community matured, the pre-fire spatial pattern of
species associations and their pre-fire species densities quickly re-established
because the opportunistic species failed to establish.
The post-fire community was found to be spatially different from the pre-fire
community. A short distance mobility was found to be characteristic of most of the
understorey species of the plant community. This short distance mobility caused a
localized redistribution of understorey species following a fire.
A temporal mobility was also identified. This permitted species to recruit into the
mature plant community some time after fire.

A temporal m obility in the

Hawkesbury Sandstone plant community was found to be attributable to the extreme
heterogeneity of the Hawkesbury Sandstone environment, the plant community
itself and the behaviour of the fire.
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CH A PTER 1
INTRODUCTION
1. FIRE
Although the major visible impact that fire has on modem Australian forests is familiar to
m ost Australians, little is known in detail about the way Australian vegetation
communities respond to a fire disturbance. Moreover, the future impact of modem fire
regimes is open to speculation. There are insufficient studies on the behaviour of
modem Australian vegetation communities in response to fire, to enable prediction to be
made of future changes in community structure and composition.
The impact of fires in the past appears clearer, although fossil evidence is scarce. Singh
et al. (1981) proposed that Australian palynological evidence shows fire has been an
agent which has changed the vegetation patterns and possibly the evolution of new
species in Australia since the Quaternary.
Fires, both wildfires and fires initiated by man for management purposes, are
disturbances which are particularly relevant to the Australian vegetation. There are
regular occurrences of fire in the modern Australian environment. Kemp (1981)
suggested that many of the vegetation types on the Australian continent have experienced
a long history of exposure to fire.
Fire in Australia is popularly seen as the most destructive agent, next to man, in the
forest environment and considerable public money is spent annually on measures aimed
at protecting human life and property from the ravages of uncontrolled forest fire. The
development of this perception is historic. During the 19th century settlement of
Australian was sparse. Fire was used as a common but uncontrolled tool to clear
unwanted vegetation. On occasions the settler's free-running fires coalesced under hot,
dry weather conditions and widespread conflagrations developed (Luke & McArthur
1978). The early settler quickly learnt to associate considerable personal loss and
hardship with the Australian bushfire. For many years of European settlement fire
control was unsuccessful and limited to extinguishing wildfires. It is possible that the
only change in the long-established fire regimes was an increased frequency of intense
fire due to an increased ignition source. Between the years 1851 and 1965 a repetition
of huge bushfires resulted in enormous loss of life and property in all Australian states.
By 1965 Australian land managers, both government agencies and private land owners,
were using fire as a management tool to fight fire. Low intensity fire was used with
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increased frequency to reduce the fuel in forest communities during seasons when
weather conditions allowed the fires to be kept under control (Luke & McArthur 1978).
These weather conditions occur from Autumn to early Spring and low intensity fires
burning low litter loads are commonly believed to be the easiest types of fires to control.
As a consequence, there has been a tendency to regularize the frequency and intensity of
fires in many Australian forests and thus dramatically alter the fire regime. This system
parallels the development of fire prevention management in the United States of America
(Schiff 1962, Pyne 1982).
The forestry services in Australia have been largely responsible for the refinement of this
land management technique. Consequently the technique has been designed to allow for
minimal damage to commercially valuable timber resources with little consideration of
the ancillary effect that fire may have on those components of the forest environment
which have no commercial timber value. Many ecosystems occur in Australia which
contain no commercially valuable timber species. However, a popular perception of
these environments as fuel for wildfires has meant that this forestry management
technique has been applied to these environments irrespective of the long-term effect on
plant and animal life.
It is likely that the manipulated fire regime, designed for the protection of a small number
of tree species, may cause change in a great number of plant and animal communities
whose responses to various fire regimes are unknown (Kilgore 1978).
There are no scientific records which have been collected over periods of many years
from which we can discover the effects of fire on Australian plant communities.
2. VEGETATION VARIATION OVER SPACE AND TIME.
Spatial variation within plant communities has long been the subject of scientific
investigation. Floristic and structural variations can easily be compared and measured
against environmental factors.

The concept that spatial variation between plant

communities is exhibited as a continuum is is well established (Goodall 1963).
Nevertheless, it is common practice to identify, as discrete units, particular plant
communities which contain a predictable set of plant species (e.g. Krebs 1985). Spatial
differences between communities can be explained by differences in environmental
conditions together with the availability of species. This assumes that particular
collections of species have environmental requirements which are similar and that
variation in environmental conditions results in variations of groupings of plant species.
Little attention has been given to the mechanism by which the gradients in the continuum
are maintained over time.
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When variation over time is superimposed on spatial variation, explanations for variation
become more tenuous. The approach has differed from that applied to spatial variation in
which differences are measured and compared to a process orientated approach in which
few measurements can be taken and many tenuous assumptions are made. As the link
between data points becomes weaker, the mathematical synthesis of data tends to
increase in complexity.
When a fire bums a plant community, the ground does not remain bare for long. It is
rapidly occupied by a variety of species.

Various models have been proposed to

describe the development of the plant community after a disturbance such as fire. The
model most frequently invoked involves the establishment of successive groups of
species which are assumed to occupy the disturbed site in progression. This succession
of species has been proposed in texts such as Odum (1971), W hittaker (1975) and
Krebs (1985) as the universal process of directional change in vegetation over time. It
can be described as the classical climax community model of succession.
The classical concept of succession was described in detail by Clements (1916,1936).
The process is said to continue over time until a community develops which can resist
further invasion and regenerate in its own environment. When the process operates after
disturbance it is referred to as "secondary succession" and the final community as a
"climax community". Retrogression of the process was only thought to be possible with
the further intervention of a disturbance.

Odum’s (1969) model for variation in

vegetation communities over time attempted to reinforced the belief that there was an
"altruistic" component in which one suite of species altered the site giving its successor a
competitive advantage. Alternative models were proposed by Egler (1954) and Connell
and Slatyer (1977) who suggested that the initial population could have an inhibiting
effect on subsequent entry of species. The concept that any particular area can support
several possible climax communities was suggested by Tansley (1939) and developed by
Whittaker (1953). The application of a single, simple model, however, has been found
to be impossible as the process varies according to the type of disturbance and the
characteristics of the species.
The term "succession" has been applied to a large number of types of community
change.

It was originally applied to changes in species composition but its attraction as

a simple, all-encompassing paradigm has resulted in its application being broadened to
include many types of developmental changes in the community, e.g. height, cover,
biomass, relative abundance of individual species and productivity. This point is
illustrated by Table 9-1. in Odum (1969) and reproduced by Anderson (1981). As a
result the original definition of "succession" is rarely used and the term has almost
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become synonymous with "change".
Anderson (1986) comments on the confusion in relation to the application and
description of the succession concept. Furthermore, Anderson suggests that a resolution
to this confusion will not be achieved until the process of succession is re-examined.
Zedler (1981) argues convincingly that the term "succession" should be used only for
situations where a change in species composition has been observed and that structural
changes of biomass, cover or relative abundance should be confined to the context of
community development.
The idea that vegetation change after disturbance must be directional has been
challenged. Watt (1947), Barclay-Estrup and Gimingham (1969) and Holland (1986)
described cyclic changes in plant communities although Holland used the term
"steady-state" instead of "cyclic". Four phases can be recognised during Calluna cyclic
of Watt (1947) and Barclay-Estrup and Gimingham (1969): pioneer, building, mature
and degenerate. The cyclic concept suggests that at any time a community may exhibit a
combination of these stages. If a large enough area is the subject of the community
study, patches within the community will be likely to exhibit concurrently all stages of
the cycle (Runkle 1985).
All these models make the assumption that after disturbance, vegetation communities
achieve some ultimate stable condition. Most evidence proposed to support these models
has been derived from studies in which spatial variation has been interpreted as temporal
variation. Considering the length of time over which these models have been developed,
the singular lack of long-term empirical evidence to support any of them is remarkable.
3. FIRE AND ITS IMPACT ON VEGETATION CHANGE.
Comprehensive reviews of studies concerning fire effects in Australian forests appear in
Gill (1975, 1977, 1981) and Noble and Slatyer (1977, 1981). Most of the studies
reviewed involve investigations of the responses of individual species to fire and the
variations within populations of a single species in response to various regimes of fire
(Bradstock 1985; Zammit 1986). Thus, although the regenerative response of many
plant species may now be predicted, the processes involved in the survival of plant
communities after repeated fires is not fully understood. At first ecologists who studied
fire-prone plant communities sought to utilize classical succession concepts to explain the
processes of revegetation of a burnt site (e.g. Jarrett & Petrie 1929).

They suggested

that the process involved a directional change which proceeded by stages with distinct
floristic characteristics succeeding one another with relatively sharp transitions between
them. More recent descriptions of the post-fire recovery process include the concept of
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"resilience" (Trabaud & Lepart 1980, Keeley 1986). The classical succession concept
lingers in the literature, however, where the"resilience" concept can be found with
elements of classical succession superimposed on it (Keeley 1986).
Specific North American coniferous forests do appear to undergo discrete floristic
changes as they recover from a fire disturbance (Larsen 1929; Shafi & Yarranton 1973a,
Kilgore 1973 and Christensen 1978). This sequential process of community recovery
follows a disturbing agent which destroys most of the coniferous vegetation. Although
some mature trees may survive with their seed store intact, the majority of plants in these
forests are totally destroyed by a fire and it has been suggested that community recovery
depends heavily on migration of species from outside the burnt area and germination of
unbumt seed. Germination of light, wind-blown seed and growth of annuals results in
initial colonization of the site. Subsequent or concurrent arrival of seeds and successful
establishment of the new species alters the community.
In contrast to the classical succession model illustrated in the North American forests,
post-fire recovery in other systems appears to follow different pathways. There is
evidence of a contracted classical succession, a cyclic post-fire recovery pathway and a
recovery pathway in which a fire creates no change in community composition.
3.1. Contracted classical succession.
When individual species possess fire-survival mechanisms recovery processes different
from the classical succession model appear to operate. Floristic changes following fire
in the southern California chaparral have been documented by Horton and Kraebel
(1955), Patric and Hanes (1964), Hanes and Jones (1967), Naveh (1975) and Keeley
(1986). In this fire-prone environment the process of directional change appears to be
contracted as a result of rapid post-fire renewal of the species and even individual plants
which were present before fire. A flush of herbaceous plants which occupies the
immediate post-fire environment is rapidly dominated by shrubby members of the
pre-fire plant community.
3.2. Cyclic post-fire recovery pathways.
Cyclic change in vegetation in the Calluna heath in Scotland was identified by Watt
(1947) and more recently described by Barclay-Estrup and Gimingham (1969). Control
of the cycle was attributed to the dominant Calluna plant. The cyclic process was linked
to regular fire disturbances (Gimingham 1970). Holland (1986) described the dynamics
of the mallee vegetation of southern Australia as a "steady-state". Holland found that fire
facilitated renewal of the dominant Eucalypt in the community but distribution, species
composition and relative abundance remained unchanged over time.
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The cyclic concept of post-fire vegetation change was supported by Mooney and Parsons
(1973) who described a "fire successional cycle" for the North American chamise
chaparral. The burning of evergreen scrub (chamise species) is followed by the arrival
of fire annuals, resprouting shrubs and shrub seedlings. With time the herbaceous flora
disappears and shrub diversity decreases until the vegetation "stagnates". The process
has been observed to be repeated following a subsequent fire. Fire does not destroy all
of the chaparral vegetation, many species possess lignotubers and adventitious stem
buds. The great abundance of annual plants in the first years following fires and their
virtual absence from older stands is said to be peculiar to California chaparral. Mooney
and Parsons (1973) stated that this distinctive flora lacks homologous types in the
Mediterranean region and in Australia. The temporary presence o f post-fire annual
species has been recorded by Naveh (1975) and Trabaud and Lepart (1981) in the
Mediterranean Region and by Baird (1977) and Bell et al. (1984) in Australia.
3.3. Recovery pathways which involve no change in species composition.
Many of the Australian sclerophyllous species are also characterized by fire-survival
strategies. Most community recovery results from survival and regrowth of pre-fire
individuals and the germination of seed released at the site a short time after the fire.
There is little recent evidence that a successional pattern of post-fire recovery occurs in
Australian fire prone communities. A few Australian authors (e.g. Jarrett & Petrie 1929;
Specht et al. 1958; Bell & Koch 1980; Hopkins & Robinson 1981; Cochrane et al.
1962 and Bradfield 1981) have inferred that, after fire, a community develops through a
series of stages which possess floristic differences. The work of these authors is based
on comparisons of contemporary vegetation sites with differing fire histories from which
they deduce temporal sequences of species (i.e. a synchronic approach). The influence
of variations in pre-fire floristics and timing and intensity of burning cannot be accounted
for by these studies.
3.3.1. Synchronic approaches.
Jarrett and Petrie (1929) made the first attempt to fit the classical succession model to
Australian post-fire vegetation data in their study of the Black Spur Region of Victoria.
They implied discrete floristic stages of recovery by referring to "serai relationships" and
"pyric succession". They observed that seeds that had survived a fire contributed more
to recolonization than seeds which had migrated from elsewhere. They did not observe
the progress o f "series" of species but accounted for changes in density and dominance
rather than species composition.
Specht et al. (1958) also referred to "pyric succession" in their comparison of the
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differences between sites with varying fire histories in the Dark Island Heath, South
Australia. They described a reduction in species richness over time and referred to
between-site species differences as temporal sequences. Although they did not stress
that such differences could reflect the pre-fire age and species variation at each site, this
was indicated by marked differences in the species composition of the seedlings which
germinated after two adjacent stands of heath were burnt together.
Bell and Koch (1980) inferred temporal sequences of species from data collected from a
series of stands of vegetation of different ages since fire. Differences in species richness
and species diversity were observed but variation from site to site within a single fire
history area was sufficient to obscure the significance of these differences.

Site

composition appeared to vary more among areas than among times-since-last-bum.
Bradfield (1981) attempted to remove preconceived notions of succession by using a
Principal Component Analysis to examine similar data. He claimed that the analysis
removed correlation between variables and, as long as the range of communities studied
was not too large, produced useful ordinations. He examined the effect of fire on
vegetation by way of the correlated responses of groups of species. These correlated
response patterns were then analysed using multi-variate methods. Bradfield claimed
that the method provided a framework that facilitated comparison of areas with different
fire histories. However, he found that the use of different localities with different fire
histories gave rather disappointing results. Temporal change could be described only
when structural data was incorporated in the analysis.
Comparisons of spatially separate sites with varying fire histories disregard the fact that
age and species composition of the sites is not identical at the time of burning, nor are
intensities, timing and past frequencies of fire. Variations in these factors must result in
variations between sites which do not represent temporal sequences of vegetation.
Pre-fire data, usually absent in these studies, is fundamental to an analysis of post-fire
processes.
3.3.2. Diachronic approaches.
Observations made of permanent plots before and after fire in various Australian
vegetation types have demonstrated that pre-fire floristics determine the post-fire species
composition of a recovering site. These observations provide minimal evidence for the
existence of serai stages of recovery (Purdie and Slatyer 1976; Whelan 1977; Whelan
and Main 1979; Posamentier et al. 1981). Analyses of long-term recovery data, where
sites have been monitored before and after burning, is missing from the literature on
Australian vegetation. Such monitoring may eventually indicate that serai stages occur
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over a longer time scale where an area remains free from fire, however, a long time span
is needed (decades - centimes) for a diachronic approach to reveal such a process.
Purdie and Slatyer (1976) considered that the process of vegetation development after
fire is influenced greatly by the species composition at the time of the fire. They argued
that a single model was inadequate to describe the processes of revegetation following
different agents of disturbance. The post-fire revegetation of the community studied by
Purdie (1976) was claimed to resemble the "initial floristics" model proposed by Egler
(1954). Egler emphasized the importance of site-occupancy by a particular group of
species in restricting the entry of other species. Purdie and Slatyer's (1976) paper only
described two years following the fire. Purdie and Slatyer's opinion is supported by the
similar short-term studies of Posamentier et al. (1981), Whelan (1977) and Whelan and
Main (1979).
3.3.3. The use of mathematical models.
The investigation of post-fire changes in plant communities has more recently been
focussed on the development of mathematical models by which changes over long time
periods can be predicted. A model for describing successional sequences which describe
the pattern of interaction between key component species in a particular community
following disturbance was proposed by Noble and Slatyer (1981). Shugart and Noble
(1981) proposed that the use of computer models could compensate for the incomplete
empirical data available for investigating fire responses in forest ecosystems. They
developed a computer model for a restricted area of the Brindabella Ranges in eastern
Australia. The model is a modification of a series of models developed for North
American forests. There are aspects of the successional pattern generated by the
computer model that disagree with Clement’s (1916) ideas of climax communities. The
model includes no single stable state in either the presence or the absence of wildfire.
The authors claimed that the intrinsic nature of ecological succession in the upper
elevations of the Brindabella Ranges appears to be non-Clementsian. However they still
referred to their results as "succession".
Care should be taken when North American computer models are used as a basis for
Australian models as ecological processes may be fundamentally different. No single
mathematical model has yet succeeded in accommodating the complexity of response of
the Australian plant communities to a fire disturbance. Too few case studies have been
published to cover the variations of responses within even a single vegetation type. It
will not be possible to test the various theoretical models proposed in the literature until
more empirical data have been collected and analysed for long-term changes.
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4. THE STUDY.
The original purpose of the study described in this thesis was to evaluate the applicability
of the various concepts of change to the post-fire recovery of an Australian Hawkesbury
Sandstone plant community.

The study had particular advantages.

Firstly, all

experimental work was conducted on the plant community in situ. Secondly, the data to
be discussed in the study were collected both before and for 13 years after the planned
and monitored burning of permanent quadrats. Thirdly, although this study lacked the
detail which is a positive characteristic of population studies, it permitted an overview of
community dynamics which could otherwise only be achieved by dove-tailing many
population studies which have not yet been conducted.
In any system, one can recognize different vegetation associations but there is always
some doubt about whether the associations represent temporally stable groupings of
species. Therefore this study was not limited to one association within a Hawkesbury
Sandstone plant community rather it included all variations in species composition within
one topographic unit.
When the study was established in 1971, studies on post-fire recovery in Australian
plant communities were rare and inconclusive. During the monitoring period there has
been growing evidence in the literature to support the idea that Australian plant
communities possess the capacity to replace themselves immediately after fire (e.g.
Purdie 1977a,1977b). This study represents the first long-term, empirical study on this
topic in Australian ecosystems.
The aim of the study is to compare the observed recovery process with models of
succession. In particular, it examines the fundamental assumptions of the classical
succession model i.e. temporal changes in species composition, temporal changes in
species richness and the associated phases of entry of species into the maturing
post-disturbance plant community. In addition, the study aims to examine the temporal
stability of each species association in the study area and, in doing so, attempts to
investigate the mechanism whereby the gradients between species associations are
maintained over time.
Literature which relates specifically to the various sections of the study has not been
reviewed in this introductory chapter because it would have to be repeated in later
chapters. Instead it will be referred to as appropriate, within the following chapters.
The thesis takes the following form. The description of the physical characteristics of
the study area and the variations in the understorey of the pre-fire plant community
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which formed the basis of all later monitoring are described in Chapter 2. A general
outline o f the design of the experiment including a quantitative description of the
experimental fire is contained in Chapter 3.

Changes in species richness and

composition following the fire, including an assessment of the influence of sample size
on the interpretation of data, are discussed in Chapter 4. The influence on the recovery
process of the recovery stategies which are used by particular groups of species are
discussed in Chapter 5. This is followed in Chapter 6 by an assessment of the recovery
process which includes a phasing of entry of species into the community. The thesis is
concluded with a synthesis of the results which includes reference to two analyses of
total community data, i.e. an Association Analysis and a Principal Component Analysis.
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CHA PTER 2
DESCRIPTION OF THE STUDY AREA
1. INTRODUCTION
This chapter describes the location, topography, soils and climate of the study area. A
brief explanation is included of the importance of each of these physical characteristics in
relation to any fire's impact on the plant community. This is followed by a description
of the plant community which occupied the study area prior to the experimental fire. The
description begins with a brief survey of the literature available on this plant community.
The importance of the pre-fire floristic composition and the maturity and spatial variation
of the pre-fire plant community are discussed. A classification of spatial variation in the
understorey vegetation on which this experiment was based is summarized.
2. PHYSICAL CHARACTERISTICS OF THE STUDY AREA
A small catchment was selected for the study and the experimental fire based on the
following criteria:
i.

the catchment possessed a plant community as isolated from the influences
of human settlement as practicable.

ii.

the area had a documented recent fire history.

iii.

the catchment was accessible for control of the experimental fire.

iv.

the area was small enough for detailed study.

v.

the catchment was a large enough unit to be likely to accommodate the
plants which would, considering information available at the time,
participate in the post-fire recovery process.

2.1. Location.
The study area is a 8.9ha catchment located approximately 50km north of Sydney, 33°
34'S, 151° 09'E, at an elevation of 200m (Fig.l).

The catchment is within the

Muogamarra Nature Reserve, a large undeveloped Nature Reserve with restricted public
access. The Reserve is administered by the New South Wales National Parks and
Wildlife Service.
Fire history records indicated that the upper elevations of the catchment were burnt by a
wildfire in 1963 and the total catchment was included in a backburn in 1965. The area
was then free from fire until my experimental fire in May 1973 burnt 98% of the total
catchment area. Fire has been excluded from the area during the 13 year post-fire
monitoring period.
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Figure 1. Location of the study area.
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The source of species which were likely to be involved in the recovery process were
relevant to the study and an effort was made to identify them. By using an entire
catchment area these sources of establishment could be restricted to:
i.

recovery in situ ;

ii.

seed originating within the catchment;

iii.

wind and animal transported propagules.

Downwash or throw of seeds from areas outside the catchment did not have to be
considered as the catchment drained directly into Berowra Waters where open water
separated the study area from vegetation to the west and south. The eastern watershed
was well defined and precluded entry of species via seed toss and overland flow from
the adjoining catchments. The watershed to the north was not as well defined. However
I was familiar with the species located in that catchment as I had documented them in
detail in a previous study ((Muston nee) Walker 1971).
2.2. Topography and soils.
The experiment was conducted within the drainage basin of the Hawkesbury River, an
area of rugged terrain dissected by flooded valleys. The catchment in which the study
was conducted was linear with a north-westerly aspect. Drainage from the level ridgetop
at 200m above sea level was via overland flow and along joint lines to approximately
150m above sea level and from that elevation a single channel, which was incised in the
bedrock, carried drainage water direcdy into Berowra Waters.
The underlying bedrock of the area consisted of Hawkesbury sandstone, a formation of
Triassic Quartose sandstone rocks (Herbert & Helby 1980). Rocks consisted of coarse
grained siliceous sandstones with interbedded strata of fine conglomerates.
The Hawkesbury River drainage basin consists of a dissected plateau of moderate relief
with sandstone ledges and slabs, level to undulating ridges, irregularly benched slopes,
shallow cliffs and narrow sandy valleys. The topography of this area has a profound and
predictable effect on fire behaviour. The steep boulder-strewn valley slopes, shallow
cliffs and benched rock exposures render fuels discontinuous. As a result, fire damage
to the plant cover is rarely homogeneous. In addition, when fires travel uphill, the
steepness of the valley slopes increases the severity of scorch damage. When fires travel
downhill, their rate of forward movement is retarded by the steep slopes. This will be
discussed further in relation to the experimental fire in Chapter 3.
Soil depths were extemely shallow. On the steep valley sides sandstone rock debris
covered ledges where sandy soils were deeper. Unconsolidated deposits of boulder and
sand debris several metres deep occurred in the lower reaches of the catchment.

A
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narrow, level area of deeper sands bordered the creek at the base of the catchment.
Shallow siliceous sands occupied the valley slopes. On the ridgetops, the soils consisted
of shallow, acid, yellow, leached earths with ironstone gravels (Northcote 1966). Large
expanses of bedrock were exposed throughout the upper benched slopes.
Fire plays an important role in nutrient cycling in Australian forest ecosystems (Raison
1980). This is particularly the case for areas of Hawkesbury Sandstone soils which are
characterized by a low availability of plant nutrients (Beadle 1966; Beadle & Burges
1952, 1953; Lindsay 1984). The soils, however, support a laterally continuous plant
cover which is characterized by high species richness. Sufficient nutrients to sustain this
plant cover are conserved within the living components in the system. The degree of
release of free nutrients into the system is, as a consequence, determined by the degree
of combustion of the plant cover. A low intensity fire with little leaf scorch will lead to
considerably less liberation of nutrients than a high intensity fire which defoliates most
shrubs and trees. A fire can therefore have a profound effect on the distribution of
nutrients in the Hawkesbury Sandstone system.
Removal of litter and ground cover by fire from the shallow, siliceous, sandy soils
makes soil susceptible to erosion. The transition of nutrients from the vegetation to ash
on soil surfaces after a fire further exacerbates the possibility of nutrient loss. In
addition, seeds on soil surfaces after a fire become entrained in the downwash of soil.
Erosional losses of soil most likely occur if heavy rain follows soon after a fire. The
potential of this problem in Australian soils was identified by Brown (1972) and Good
(1973) who suggested that there could have been a massive increase in the rate of
erosion following a fire in the Snowy Mountains region of south-eastern New South
Wales in 1965. It was demonstrated that erosion of over 100 t/ha of soil occurred in
parts of Victoria following the Ash Wednesday fires in 1983 (Parliament of Australia
1984). In relation to the particular soil type of my study area, Atkinson (1984) noted
that soil losses of up to 48 t/ha were lost when a high intensity fire in the Royal National
Park, south of Sydney, was followed by heavy rains. Post-fire seed losses as a result of
soil erosion were also noted in Atkinson's study. In a vegetation type in which many
species utilize shallow underground root systems and storage organs for survival after
fire, soil erosion is an important, but often overlooked factor.
2.3. Climate.
The climate of the study area is such that fires can occur as frequently as is permitted by
fuel build-up and availability of ignition sources. Complete meteorological data (i.e.
cover over time and range of variables) were unavailable for any single meteorological
station in the vicinity of the study area. Topography largely determines the spatial
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distribution of rainfall. Much of the rain that falls over the Sydney climatic region is
associated with moist airstreams which have a pronounced easterly component (Bureau
of Meteorology 1979). Differences in altitude, aspect, consequent rainshadow areas and
the proximity to oceanic influences result in minor localized variations in rainfall and
temperature and made extrapolation of data from distant meteorological stations less
valid. The general climatic characteristics shown in Table 1 were taken from the closest
Bureau of M eteorology stations which recorded the relevant data (Bureau of
Meteorology 1979). These stations were located to the south at Pennant Hills and
Hornsby (Mt. Wilga), both within 15 km of the study area.
The data in Table 1 give only a general idea of the climatic trends influencing the study
area. Variations in the routine rainfall measurements made by National Parks and
Wildlife Service personnel at several locations in the vicinity of Muogamarra Nature
Reserve indicated that on-site meteorological monitoring would provide the more precise
meteorological information which was required for planning the experimental fire.
The generalized Bureau of Meteorology data shown in Table 1 indicate that precipitation
in this area is heaviest from late summer to early winter (the first six months of the
calendar year). Rainfall events in the experimental catchment were most frequent in
January and February.

Average annual rainfall at Hornsby (the nearest Bureau

monitoring station) is 1205mm. The experimental catchment is located in a localized
rainshadow area and consequently it receives little or no rain from the light north-easterly
showers which are common on the east-facing side of the main ridgeline. The average
annual rainfall cited by National Parks and Wildlife Service records in the vicinity of the
experimental catchment was 900mm (Thomas & Benson 1985).
There are appreciable seasonal temperature variations. Average monthly temperatures
range from 27.6°C in February with a recorded maximum of 45.7°C to 16°C in July with
a recorded minimum of -4.6°C in June (Pennant Hills meteorology station, Bureau of
Meteorology 1979). Frosts were not observed during the study.
Average relative humidity is least in winter and highest in summer. However in this
area, hot, dry, north-westerly winds during isolated spring and summer days lower the
relative humidity for short periods of time. Living and dead plant material suffers
exteme loss of moisture and the flammability of the vegetation is increased. An overall
reduction in the moisture content of the catchment begins in July. During either August
or September for the first three years of the study measured stream flow ceased.

T A B L E 1.

P R IM A R Y C L IM A T IC D A T A

Jan.

Feb.

Mar.

Apr.

May

Jun.

Rainfall (mm)
Hornsby Police
Station
33°42'S, 151°06’E

112

131

139

118

103

131

Max. Temp.(°C)
Average

27.6

27.1

25.7

22.2

19.3

16.1

15.9

15.8

14.4

11.3

8.2

5.6

18.9

19.1

18.1

15.1

11.8

9.4

19.4

19.7

18.8

16.6

14.0

11.9

Min. Temp. (°C)
Average
Pennant Hills
33°52'S, 151°12'E
Average relative
Humidity (%) 9am.
3 pm.
33°52'S, 151°12'E.

Source:

Bureau of Meteorology (1979)

July

Aug.

Sept

Oct

Nov.

Dec.

Annual

70

77

59

82

89

94

Total 1205

15.9

18.0

21.1

23.5

24.9

27.2

Mean 22.2

4.6

5.7

7.8

10.5

12.7

14.6

Mean 10.6

8.3

9.3

11.9

14.2

16.2

17.9

Mean 14.2

11.1

11.7

13.2

15.1

16.7

18.6

Mean 15.6
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3. PRE-FIRE VEGETATION
3.1. The vegetation of the study area.
The vegetation of the study area, prior to the experimental fire, consisted of dry
sclerophyll forest ("open-forest" (Plate 1) to "low woodland (Plates 2 & 3) low
open-woodland" (Plate 4) Specht 1970) of the Eucalyptus eximia - Eucalyptus punctata
suballiance defined by Beadle (1981). The catchment included a range of vegetation
variations commonly found on western-facing slopes of the northern rim of the Sydney
Basin (Outhred et al. 1985).
The experimental catchment has been mapped by Thomas and Benson (1985) and
described as: "Woodland; Angophora costata, Eucalyptus gummifera, E. umbra ssp.
umba, Allocasuarina littoralis, Eucalyptus eximia ," although a study by (Muston nee)
Walker (1971) has indicated that the vegetation within the catchment also included
Thomas and Benson's "Closed-scrub/scrub-heath; Banksia ericifolia, Allocasuarina
distyla, Hakea teretifolia, "Low woodland/low open-woodland; Eucalyptus gummifera,
E. haemastoma, E. oblonga, E. eximia and Angophora b a keri" and "Open-forest;
Eucalyptus piperita ssp. piperita, Angophora costata, E. gummifera ". Thomas and
Benson (1985) indicated that these additional vegetation communities occur in the
vicinity of the experimental catchment. Discrepancies between the classification of
(Muston nee) Walker (1971) and that of Thomas and Benson most likely result from
differences in intensity of sampling. (Muston nee) Walker's (1971) classification was
derived from 75, 5 x 5m sample quadrats located within the 8.9ha experimental
catchment with the pattern boundaries defined from aerial photograph interpretation.
Thomas and Benson (1985) sampled the 2,234ha of the Muogamarra Nature Reserve
with 13, 20 x 20m samples, only one of which was located to the south of the
experimental catchment. Their mapping was done using aerial photograph interpretation
of pattern distributions.
3.2. The importance of the pre-fire floristic composition.
The species composition of the vegetation community following a fire can be determined
initially by those species which survive the fire (Purdie 1977a; Gill 1981) and by the
seed which remains viable in the burnt area and in adjacent unburnt areas (Egler 1954;
Purdie 1977b).

The long-term survival of these species is determined by the

environmental factors which follow the fire. It is important, therefore, to be aware of the
species composition, abundance, distribution and age of the vegetation prior to burning.
3.3. The maturity of the prefire vegetation.
It is important to know the age of the vegetation to be burnt. If an experimental area had
been chosen where the majority of the species were too immature to have produced
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Plate 1. Open-forest shrubby understorey located on the lowest slope of the catchment.

Plate 2. Low-woodland
shrubby understorey located on
the upper benches of the
catchment (the location of
Permanent Quadrat 6 is marked
by the white tape and 2 m high
yellow pole).
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Plate 3. Allocasuarina littoralis low woodland located on the north-facing upper benches
in the catchment (the location of Permanent Quadrat 3 is marked by the 2 m high yellow
pole).

Plate 4. Low open-woodland located on the catchment ridgetop
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viable seed, then germination observed after burning would have resulted from long
viability of seed stored in the soil and the reproductive capacity of the burnt vegetation
would remain unknown. If the chosen vegetation had developed a viable seed store,
then the observed results could be used to predict the consequences of burning any
collection of similar species which had reached seeding maturity.
Fire records had been kept by the various managers of the reserved area since 1963.
Such records tend to be exaggerated. Maps which have been drawn to show the burnt
area indicate the overall boundaries of a fire and not the variation in intensity within
those boundaries. Fire records, therefore, do not always represent a reliable indication
of the patchiness of a fire. The records used for this study showed that at least the upper
levels of the experimental catchment had experienced a wildfire in 1963. The total
catchment area was then backbumt in 1965. No indication was given of the relative
intensity of these fires. It is possible that some areas remained unbumt in 1965 (e.g.
lowest bank of the creek) as they did again in 1973 in the experimental fire. However, at
the beginning of the experiment, there was no obvious variation in the structure of the
shrub layer which indicated that there was any age-variation in the understorey
throughout the catchment.
Using fire-records as a guide, the understorey vegetation throughout the catchment, and
therefore in all the experimental samples, was at least eight years old in 1973 when it
was experimentally burnt. Subsequent comparisons between the structure of the pre-fire
vegetation and that observed 8.5 years after the experimental fire indicate that this was
probably an accurate assumption (see Chapter 6). The tree stratum was considered to be
older, as evidence of fire scarring on tree trunks and multiple stems indicated that it had
withstood destruction during numerous preceding fires.
The understorey had been under observation from 1969-1973 and most understorey
species were observed to have flowered during that time. As no data on flowering seed
viability were collected prior to burning, it was assumed at the beginning of the
experiment, on the basis of both these observations and also the size of individual plants,
that most species had set viable seed before the experimental fire. Data published later
by Benson (1985) indicated that this assumption was reasonable, because maturation
periods for the same fire-sensitive shrub species in another area of Hawkesbury
sandstone vegetation ranged from two to seven years.
3.4. Spatial variation within the prefire vegetation.
The pre-fire floristic composition of a plant community is thought to play a determining
role in the floristic composition of the post-fire community, as discussed in Chapter 1.
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Spatial variations in species composition after the experimental fire may have been
related to spatial variation which existed before the fire. Spatial variations within the
pre-fire plant community of the experimental catchment were therefore considered
relevant to this study.
The variety of species assemblages within the catchment that had been identified by
(Muston nee) Walker (1971) were used as a basis for sampling, experimental burning
and monitoring. (Muston nee) Walker (1971) gave a complete assessment of the spatial
variations in the species composition of the vegetation within and adjacent to the
experimental catchment. That study indicated that there was considerable variation in the
species composition within and adjacent to the study area. It was clear that for sampling
to approach a fair representation of the variety of species assemblages which constitute
the Hawkesbury sandstone vegetation the sample area would have to be very large. At
the same time the sample had to be manageable and reproduceable over a long term
monitoring program. The size of the study area was also important because it was
desirable to create a burning situation as close as possible to a "typical" management
fuel-reduction bum of the period.
3.5. Summary of the understorev classification.
A summary of the results of the 1971 vegetation classification ((Muston nee) Walker
1971)is included in order to present adequate background information for the present
study. It was this classification which was used as a guide for the location of the
permanent vegetation plots which are the subject of the present study.
Prior to the experimental fire, (Muston nee) Walker (1971) used a classification approach
(association analysis) to define five understorey associations, each corresponding in
location to a different topographical component of the catchment. Although each
association had a statistically distinguishable species composition in its understorey
strata, distinct boundaries were not identifiable. Some species were ubiquitous and
others occurred in specific associations.
The species data (binary data) for 161 species in 115, 5 x 5m quadrats (75 quadrats in
the experimental catchment and 40 in the adjacent catchment) were subjected to a divisive
monothetic numerical classification using DIVINF (Lance & Williams 1968) which is
included in the TAXON package (CSIRO, Canberra). The program DIVINF (Lance &
Williams 1968) is an information-statistic classificatory program which detects species
associations and their special disconformities.
This type of program was used by Webb et a l (1967) and Williams et a l (1969) to
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assess floristic groupings in rainforest communities. In DIVINF, abstract units (groups
of plots) are defined by the possession or absence of a number of characteristic species.
The population of plots is subdivided on each species in turn and the information fall
computed by the use of a Shannon-type statistic (i.e. non-factorial). Division is on that
attribute for which the information fall is maximum. Information fall is approximately
equal to 1/2 x 2 for the corresponding association analysis. The program can be defined
as an exclusive, intrinsic, hierarchical, divisive, monothetic classification (using these
terms as defined by Williams, 1971). It is exclusive in that a given plot can occur in one
class only and intrinsic in that all species are regarded as equivalently important. It uses
an hierarchical strategy in that a "route" is always optimised between the entire
population and the set of individuals of which it is composed. It is divisive because in
the route that the strategy takes progressive divisions split the population into smaller
groups. It is monothetic because division is based on a single attribute. In this case the
attribute was binary, i.e. the population was ultimately split into those plots which did
and those which did not possess the division species.
The species on which division was based (indicator species) was optimum in the sense
that it divided the population into two groups as unlike as possible, i.e. the divisions
effectively reduce the overall heterogeneity remaining in the data at each successive level
of the hierarchy.
Termination of the DIVINF analyses was determined by Stopping Rule 2 (Lance and
Williams, 1968) i.e. at a ten-group level in this case. A probabilistic level was not used
for the reasons described at length by Lance and Williams.
The validity of the resulting classification was then checked in the field and mapping was
refined in the field.
For the purposes of this study this program was run on the 75 quadrats (tree species
only) in the experimental catchment. Using the tree species data alone the catchment
could be subdivided into the six units shown in Figure 2.
The tree species occupying the upper canopy of these units were scorched and defoliated
but had not been killed by the previous two fires.

In terms of species distribution,

numbers and dominance the fire was thought to be unlikely to have an effect on this
classification throughout the study.
When the same program was used on the complete list of species (i.e. tree, shrub and
herb species) occupying the experimental catchment a different classification, the
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distribution pattern of which is shown in Figure 3, emerged from the program. This
second classification reflected the variation in the prefire understorey vegetation. The
species data (binary presence/absence data) for all 5m^ sampled sites within the
experimental catchment had been subjected to the DIVINF program. A description of the
species composition of the five pre-fire associations and abbreviated species lists for the
groups are given in Appendix 1.
The floristic grouping indicated that there were five different understorey species
assemblages within the experimental catchment which could be mapped as contiguous
and discrete units. The major floristic subdivisions of Associations A, B, C versus
Associations D and E reflected a structural difference between "open-forest" and "low
woodland/low open-woodland" (Specht 1970).
In summary, a Hawkesbury Sandstone catchment was selected as the study area. The
catchment was occupied by a plant community which is commonly found on the
north-western facing slopes of the Sydney Basin. As this type of plant community
occupies much of the national park estate in the vicinity of the city of Sydney, and is
subjected to frequent wildfire and fuel-reduction burning, it was considered a topical
subject for a study of fire-induced change. Before the experiment began, an association
analysis had been used to identify five understorey species associations in the
understorey strata of the plant community and six species associations in the upper
tree canopy. The tree species in this plant community were known to reshoot readily
after fires of all but the highest intensity. The understorey strata consisted of species
which were characterised by a variety of responses to fire. It was decided therefore that
this study should focus on the understorey strata.
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Figure 2. Tree species associations.

Figure 3* Understorey species associations; Circles represent study sites.

25

C H A PT ER 3
EXPERIMENTAL PROCEDURES
1. INTRODUCTION
This study was based on one experimental manipulation, i.e. the experimental burning of
a Hawkesbury Sandstone plant community. The data which were used for analysis were
collected in the field from permanent vegetation quadrats which were established before
the fire.
The effects that a fire has on a plant community are complex. Each member species of
the community may be affected in a different way depending on the characteristics of the
species and the nature of the fire. It is therefore, impossible to describe the experimental
fire with any single quantitative or qualitative parameter, e.g. intensity, scorch height,
rate of spread. Detailed descriptions of the vegetation sampling (Section 2) and the
experimental fire (Section 3) have been included in this chapter both for this reason and
also to enable other researchers to repeat the experiment. In Section 3 the catchment's
pre-fire physical characteristics and their influence on the experimental fire are described.
This is followed by a quantative description of the experimental fire and the immediate
physical changes it created in the vegetation.
2. VEGETATION
2.1. Pre-fire vegetation sampling.
Permanent vegetation quadrats were chosen from within the experimental catchment
prior to burning. The chosen sites occurred on a variety of topographic features. The
choice of sites was determined by the results of (Muston nee) W alker's (1971)
association analysis a summary of which was included in Chapter 2. Associations A, B,
D and E were chosen for long-term monitoring. Permanent quadrats 1 and 2 were
located on the debris slopes in the "open-forest" (Specht 1970), Association E; one
adjacent to the creek where no individual species dominated the mixed shrub understorey
and one to the north on the sheltered benched slopes where Woolsia pungens dominated
the understorey. Permanent quadrat 3 was located on the exposed upper benches slopes
in the south-western stand of an Allocasuarina littoralis " low woodland" (Specht 1970)
association, Association B. Permanent quadrat 6 was located on the adjacent lower
benched slope in an Eucalyptus eximia " low woodland" association, Association D.
Permanent quadrat 7 was located on the south-eastern ridge crest in Association A where
no particular species dominated the " open-woodland" (Specht 1970) understorey. The
precise location of each permanent quadrat is indicated on an aerial photograph which is
lodged in the Department of Biology, University of Wollongong.

26

Following the experimental fire two additional permanent quadrats were sited on the
upper benches within Association A. While detailed pre-fire species composition data
were absent for these plots, their location was determined by reference to two of
(Muston nee) W alker's 1971 association analysis quadrats. Both of the additional
permanent quadrats represented variations in species dominance within Association A.
Permanent quadrat 4 was located on the upper-most south-eastern benched slope where
Banksia oblongifolia dominated the understorey. Permanent quadrat 5 was located
closer to the upper reaches of the creek where Angophora hispida dominated the
understorey.
In the following chapters of the thesis, the groupings of species which are sampled by
the perm anent quadrats will be referred to as "species assemblages";

the plant

community sampled by the combined permanent quadrats will be referred to as the
"community".
The permanent quadrats were each designed as a 5m x 5m grid which was subdivided
into 25, lm x lm quadrats. This pattern of sampling was selected to detect any lateral
shifts in the distribution of species due to seed dispersal during and after the fire.
The comer points of each lm x lm quadrat were marked with metal hooks embedded in
the ground. To ensure sample replication, nylon ropes were tied between the hooks as
permanent markers of the quadrat boundaries. Immediately prior to burning in 1973 the
presence/absence of species in the 125 permanently marked lm x lm quadrats was
recorded.
2.2. Post-fire vegetation sampling.
Quadrats were sampled 1 month, 2 months, 6 months, 12 months, 4 years, 8.5 years
and 13 years after burning (Table 2). At some monitoring periods, a permanent quadrat
was omitted from monitoring because of personal time constraints. On each sampling
date the presence/absence of 186 species was recorded. Records were also made of the
mode of recovery of each species i.e. germination of seed, presence of ungerminated
seed, mortality of seedlings, above or below ground reshooting of pre-fire individuals.
The data collected are presented in the seven 186 x 175 matrices which can be obtained
from the Department of Biology, University of Wollongong.
Efforts were made to minimize human disturbance during data-collection but as the
plants grew larger disturbance around each plot became inevitable and the time intervals
between samplings had to be increased. An additional problem arose when it became
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obvious that animals were using the approach tracks and in 1981 animal tracks across
several of the lm x lm plots contained flattened vegetation. Where plots were
extensively damaged in this way, the data were omitted from the analysis.
2.3. Analysis of vegetation data.
The data collected over the post-fire period were used to examine the relative importance
of the recovery strategies of the species in the plant community which was located in the
experimental catchment. Changes in species composition, species numbers, species
distributions and species frequencies were examined to describe the process of post-fire
recovery. Detailed discussions of these analyses are included in the following chapters
which deal with specific aspects of post-fire recovery (Chapters 4, 5 and 6). To conclude
the study, two statistical analyses (i.e. Species Association Analysis and Principal
Component Analysis) were conducted on the total data set as a synthesis of the
community post-fire recovery process.
2.3.1. Species Association Analysis.
The presence/absence data were used to assess whether the pre-fire heterogeneity of the
species composition of the associations varied over time since burning. The total data set
for each monitoring period was subjected to an association analysis. A summary of the
species association analyses which were used both as the basis for location of the
permanent quadrats and as a synthesis of temporal variation across all of the associations
was discussed briefly in Chapter 2. The results of this analysis are discussed in the
concluding chapter (Chapter 7).
2.3.2. Principal component analysis.
The presence/absence data were also used in a Principal Component Analysis. The
contribution of each species to the variation in the community over time was detected by
this means. The total data set of each permanent quadrat each monitoring period was
analysed by the Principal Component Analysis.

The results of this analysis are

discussed in the concluding chapter (Chapter 7).
2.4. Other vegetation parameters.
At the beginning of the experiment, an attempt was made to assess whether the
vegetation parameters used by Specht et al. (1958) and discussed by Odum (1971) to
describe the changes in a plant community after a fire could be used in this study. Trial
harvests were conducted over 14 randomly selected sites in the experimental catchment.
Biomass and chemical content of the harvested understorey material were measured.
This destructive method of investigation was abandoned when it was discovered that the
variation in biomass within the community was too large to make sampling logistically
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possible over the long term. The data on the biomass of the harvested material are
included in Appendix 2.

3. THE EXPERIMENTAL FIRE
3.1. The experimental fire.
Fire ecology literature deals predominantly with the theoretical effects of fire on plants or
animals. In the cases where fire-effects are deduced from field data, the authors, (with
the notable exception of Purdie (1977 a,b)), have rarely had the opportunity to make a
quantitative description of the fire event. At best the qualitative adjectives "low",
"moderate", "high" and "very high" intensity give some idea of the nature of the fire. An
adequate quantitative description of a fire's behaviour and the resultant damage to the
vegetation is necessary before a description of the fire's ecological effects can have any
meaning in terms of either the pre-fire community or the long-term effects of the fire on
the post-fire community.
There are numerous factors to be considered in a qualitative assessment of this kind.
Each forest fire is a unique event which represents the culmination of a particular
sequence of parameters e.g. long term meteorological conditions, accumulated fuel,
structure and composition of the vegetation, source of ignition and topography. The
changes in the vegetation community following the fire are determined by the pre-fire
reproductive condition of the vegetation and a subsequent sequence of the environmental
factors which control germination and longevity of individual plants. As the fire in this
study was premeditated it was possible to use quantitative methods to describe the
pre-fire environment, the nature of the fire and its immediate effects on the vegetation.
3.2. The topographical factor.
Topographical factors exercised a considerable influence on the behaviour of the
experimental fire. In this study, as the catchment slopes became steeper, the angle
between flames and the ground surface was reduced. Fuels upslope of the flame front
were thus preheated by radiant and convective heat and the fire's rate of upslope spread
was increased. When the slope exceeded 15-20° the flame front was virtually a sheet of
flame moving parallel to the slope. An accompanying scorch of vegetation occurred as
convective heat transfer was increased. Irregularities in terrain tended to create air
turbulence which brought flames into contact with unbumt vegetation. Rock exposures
broke up fuel continuity and often shielded small areas of vegetation from the effects of
the fire. Aspect was important where slopes received drying winds or long periods of
sunlight they carried drier fuels than those exposed to more humid winds or shorter
periods of late afternoon sun. In the experimental catchment, the most important
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topographic factors affecting fire behaviour were therefore slope, aspect and ruggedness
of terrain. The catchment was divided into two distinct areas on the basis of twenty
slope measurements of its various facets.
In the first area, erosion of the inclined Hawkesbury sandstone strata in the upper
catchment had created a crescent-shaped area of step-like terraces with an average slope
to the west of 6°. The uppermost terrace contained large exposures of bedrock while the
lower terraces carried very shallow sandy soils which were covered by small rock
fragments and laterized pebbles. The western rims of the ledges were characterized by
bare, water-worn bedrock ledges.
In the second area, on both sides of the creek, in the lower part of the catchment, slopes
of up to 29° were measured. Associated with these steeper slopes were cliff lines
separated by scree slopes of large boulder debris. The north-facing slope received more
hours of sunlight each day and had a more open tree canopy. The soil and leaf litter
were consequently drier than their south facing counterparts. Fuel levels and the
apparent age of some of the shrubs suggested that parts of the south facing slope were
not burnt in the 1965 backbum.
3.3. Fuel.
The quantity of available fuel directly affected the intensity of the fire and its rate of
spread. Fuel size, arrangement and the amount of highly flammable substances which
the fuel contains affect combustion rates and heat transfer mechanisms (King & Vines
1969). The moisture content of a fuel influences the completeness o f combustion
(Pompe & Vines 1966). The structure of the vegetation within the experimental
catchment had to be accounted for when the fuel characteristics were assessed. The
importance of fuel distribution was evident in the catchment where the dense shrub layer
increased flame heights and affected the rate of spread of the experimental fire.
Prior to burning of the catchment, fine fuel (dead litter) quantities (oven dry weight)
were estimated from 38 measurements located in the experimental catchment. At 16 of
these sites a measurement was also made of the aerial fuels formed by the living material
of the shrub layer. Material up to 6mm in diameter was collected for fuel estimation.
Luke and McArthur (1978) described fine fuels as the dead, fallen materials such as
leaves, bark, twigs and branchlets up to 6mm in diameter. The living component of the
fuel load contributed to the fire's intensity especially where the understorey vegetation
consisted of fine material suspended in a continuum to a height of several metres above
the ground.
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On the basis of fuel loads, the catchment was divided into two areas which corresponded
with those previously distinguished by slope readings (Section 3.2.). In the first area,
on the upper levels of the catchment, the trees were less than 7m high rough barked and
many stemmed. The shrub layer rarely exceeded 2m in height and was laterally and
vertically continuous except where it was interrupted by bedrock exposures. The living
fuel to the 0.5m level consisted mainly of herbaceous material. Most shrubs had small
fine leaves, which covered the plants from the ground to 2m. The living fuel component
was therefore heavy and continuous with the tree canopy. An estimate of fine fuels
alone would have grossly underestimated the fire's potential intensity.
The upper area had fine-fuel loads of between zero (on rock exposures) and 25.0
(beneath E. haemastoma trees) t/ha oven dry weight. The average fine fuel load
was 11.5 t/ha oven dry weight. These fuels consisted mainly of fine shrub litter,
however, measurements were considerably higher where large quantities of eucalyptus
leaf and bark had accumulated beneath the sparsely distributed Eucalyptus haemastoma
and Eucalyptus gummifera trees. The average aerial (living) fuel load to a height of lm
was 6.5 t/ha oven dry weight.
In the second area, on the lower levels, the trees were up to 15m high, single stemmed
and mostly smooth barked. There was a dense herbaceous stratum from ground level to
0.5m and a sparse continuous shrub stratum to 3m. Fine fuels and ground level living
fuels were the main component of the fuel consumed by the fire. The irregular nature of
the terrain resulted in a discontinuous fuel distribution. Fine fuel loads of 10.0 t/ha to
36.4 t/ha were measured where dead litter had accumulated between boulders and in rock
crevices. The average fine fuel load was 19 t/ha oven dry weight. Heavy Eucalyptus
spp. litter, fine and closely packed Allocasuarina littoralis litter or a mixture of both
formed the dead fuel in this area.
The shrub layer on the lower slopes was between lm to 3m high but was well stratified
and sparse. The average aerial (living) fuel load was 7.5 t/ha oven dry weight. Fuel and
fuel moisture were measured immediately before burning. In a forest fire, preheating
and ignition are delayed while moisture is being driven out of the fuel. Luke and
McArthur (1978) claimed that a fuel moisture content of 20%-25% of oven dry weight in
fine eucalypt fuel is sufficient to prevent ignition. The fine fuel moisture content on the
upper and lower slopes was 3% and 7% respectively.
3.4. Weather conditions before the fire.
The weather conditions leading up to the fire and at the time of burning determine the
amount of moisture in the vegetation and litter and the intensity of the fire.

Weather
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conditions following the fire influence the recovery of the vegetation e.g. intense rainfall
occurring in the first few months after an intense fire can together with the subsequent
overland flow of rainwater redistribute seeds (Atkinson 1984), while insufficient rain
following a fire can inhibit germination and survival of seedlings. It was considered
necessary to monitor the climatic factors which could influence the fire. The main
occurrences of unplanned intense fires in the area usually begin in September or October
and rarely extend beyond February (Luke & MacArthur 1978). The planned fires which
are lit for implementation of a land management program occur predominantly from
March to September when Government restrictions to fire use are lifted.
Rainfall was measured on the ridgetop of the experimental catchment during 1971. In
1972 two meteorological stations were established as preliminary investigations had
indicated that there were variations in rainfall across the catchment. One station was
located on the ridgetop and one at the base of the catchment. In 1972 meteorological
equipment was upgraded to include two continuous recording pluviometers, a Stevenson
screen with a thermohydrograph, two evaporimeter pans and two anemometers.
Measurements were continued for one year after the fire.
Rainfall was recorded continuously for 12 months prior to the fire using a "Casella"
siphon raingauge on the ridgetop and a "Stevens” tipping bucket gauge at the base of the
catchment. The last significant rainfall before the fire was 5.3mm falling four days .
Rainfall and temperature data for the three months preceeding the fire are shown in
Appendix 3.

These data were used to predict the severity of the fire and design a

burning technique appropriate for the experiment.
The net effect of evapotranspiration and precipitation on fuel components is to produce a
cumulative moisture depletion which is indicated by the Byram-Keetch Drought Index.
The index is used to predict fire behaviour. By the week of the fire the Byram-Keetch
Drought Index (Keetch & Byram 1968) had risen to 63.5mm for the Sydney Area
(Bureau of Meteorology Records). When local variations in temperature and rainfall
were accounted for, a 71.1mm Byram-Keetch Drought Index was estimated for the
experimental catchment. At this level the predicted forest fire danger was "severe." This
suited the experiment as the fire was designed to be as widespread as possible whilst
remaining controllable.
3.5. Weather conditions during burning.
Temperatures and relative humidity were recorded on the ridgetop using a Stevenson
screen on the day of the fire. On ignition of the fire at 1315 hours the temperature and
relative humidity were 29°C and 30% respectively. By 1630 hours temperature had fallen
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to 27°C and relative humidity had risen to 40%. At 1900 hours when ignition was
complete temperature was 21°C and relative humidity was 45%.
Wind speeds measured continuously by anemometers installed in the upper and lower
levels of the catchment indicated that wind was gusty from the north-east but rarely
exceeded 5km per hour and had dropped completely by 1600 hours.
3.6. Pattern of burning.
The experimental fire was lit on the 3rd April 1973 by staff of the National Parks and
W ildlife Service according to procedures used by them at that time for prescribed
burning. The fire was initiated from a series of ignition points spaced 100m apart and lit
on a grid pattern which followed the contours. The fire was conducted in two stages.
The first fires were lit on the ridgetop, the steeper lower slopes remained unbumt until
the fire on the upper slopes had been contained.
Burning commenced at 1315 hours on the ridgetop and the last line of fires was ignited
at 1530 hours. The lower slopes were ignited in a similar pattern commencing at 1700
hours when air temperatures were cooler. On the upper slopes the fires spread rapidly
uphill to the previous line of spot fires. As the flanks of adjacent fires joined new fire
fronts formed. The resulting bum covered 98% of the ground surface and a "ladder"
effect (Plate 5) of burning shrubs caused 100% scorching of the low eucalypts whose
height was in all cases less than 7 m The fires on the lower slopes tended to fan out at a
slower rate than on upper slopes. Flaring occurred where heavy fuels were encountered
resulting in localized scorch to the tops of some 14.5 m high Eucalyptus eximia and
Angophora costata trees.
3.7. Monitoring of the experimental fire.
During the experimental burning of the catchment, four of the ignition points were
treated as test fires and fire behaviour parameters were measured for the time it took for
each test fire to bum an area comparable to that of a vegetation quadrat. Each test fire
was located adjacent to one of the permanent quadrats :
i.e. test fire 1 - permanent quadrat 7;
test fire 2 - permanent quadrat 5;
test fire 3 - permanent quadrat 6;
test fire 4 - permanent quadrat 1;
but far enough away so that the monitoring procedures left quadrat vegetation
undisturbed. The test fires were lit at the time when the main experimental fire reached
that particular section of the catchment.
Fuel characteristics were assessed prior to burning. Fire intensity, scorch height, flame

Plate 5.

The experimental fire on the upper slopes (left) and lower slopes (right) of the catchment showing the "ladder effect" of flames.
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height, residence time and rate of spread were recorded at each test fire. Peculiarities in
patterns of community recovery were then interpreted in relation to the monitored fire
behaviour.
At each of the four test fires, the rate of forward progress, perimeter spread and area
burnt were measured by dropping numbered metal tags at the fire front and lateral fronts
at one minute intervals. The location o f the metal tags subsequent to burning was
mapped and fire intensity and average residence time (the period that flaming combustion
is sustained at any point) were calculated. Visual observations of flame height were
made. Table 3 summarizes this information. Scorch heights were assessed one week
after the fire when the effects of heating and dehydration of leaves had become visible.
Fuel measurements were repeated nine weeks after the fire when complete deposition of
scorched leaves had occurred.
3.8. Cover of fire treatment.
The fire burnt 98% of the shrub layer of the catchment (Section 3.6, Chapter 3). Only
Association C and a small area in Association A upslope of an extensive rock exposure,
which stopped the fire’s spread, were unbumt. The large strip of vegetation along the
lowest reaches of the creek (Association C) escaped burning because the fires in this area
were lit in the afternoon when the weather conditions inhibited the fire's rate of spread
even though fuels in this area were the heaviest. The maturity of the vegetation in this
area suggested that it was possible that it had escaped burning during the 1965 backbum
perhaps for the same reason.
3.9. Rate of spread.
The average rate of spread of fires in the catchment was lm per min. however the rate of
spread was considerably accelerated in localized areas. Localized acceleration occurred
on the upper levels of the catchment when the fires encountered heavy fuels and wind
gusts.
3.10. Fire intensity.
The concept of fire intensity was considered by Cheney (1981) as a most useful way of
describing a fire. In fact, McArthur & Cheney (1966) claimed that fire energy criteria,
together with fuel availability and fire duration, represent the m ost meaningful
expression of a fire in terms of potential alteration of the vegetation. This implies that
intensity is the most "destructive" component of a fire. Table 4 taken from Cheney
(1981) and Luke and McArthur (1978) indicates relative fire intensities and their resultant
effects on vegetation.

T A B L E 3.

T E S T F IR E D A T A

Test
Fire

Average
Cumulative
rate of
spread
(m/min)

Weight
available
fuel (t/ha)
ODW

Moisture
Content
fine fuels
% ODW

1

1

12.3

3%

29

1.8

2

0.8

21.3

3%

25

1.4

3

1.2

23.3

7%

16

0.9

4

0.5

13.00

7%

15

0.4

Average
residence
time
(s)

Average
flame
height
(m)

Scorch
height
(m)

6.5

Intensity
(kW/m)

360

Comments

Crowning occured with scorch
to 16.5m as a result of gusty
winds, and coppice growth of
Eucalyptus haemastoma
(ladder effect).

8.00

454

6.00

745

Flanking fires joined test
fire and accelerated the
rate of spread and flame
height. Scorch to 10.5
where fire hit vertical
rock face.

1.7

173

Fire stopped at cliff.
Localised scorch to 4.0m
in Allocasuarina littoralis

TABLE 4. RANGE OF FIRE INTENSITIES AND AVERAGE FLAME HEIGHT FOR A FIRE IN OPEN FORESTS OF EUCALYPTS
Cheney (1966)&Luk<and McArthur (1978).
Rating

Low

Fire Intensity
kw/m

Maximum flame
height m

Remarks

<500

1.5

501-3000

6.00

Scorch of complete crown in most forests.

High

3,000-7,000

15.00

Crown fires in low forest types spotting >2 km.

Very High

7,000-70,000

>15.0

Moderate

Upper limit recommended for fuel-reduction
burning. Rated "low" in forests but more
serious in woodlands, where the height of
the dominant trees is lower and chance of
full scorch greater.

Crown fire in most forest types - fire storm
conditions at upper intensities.
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The intensity of a fire, the output of energy from a unit amount of fuel and the rate at
which the fire is advancing can be calculated by the equation:
I = HWR/600
where
I = the fire intensity in kilowatts per minute
H = the heat yield in kilojoules per kilogram
W = the weight of available fuel in tonnes per hectare
R = the rate of forward spread in metres per minutes.
The figure of 16,000 kJ/kg is generally taken as the average value for heat yield (Luke &
McArthur 1978). Fire intensity measurements calculated at the four test fires (Appendix
3) indicated that vegetation on the upper levels experienced fire intensities of around 360
kw/m and 454 kw/m. These figures are within the recommended intensities for fuel
reduction burning in forests. The intensities measured represent a moderate fire with
scorch of the complete tree crown because the vegetation on the upper levels had a "low
woodland" (Specht 1970) structure. In the two test fires on the lower levels, intensities
around 745 kw/m were experienced in the area where flanking fires joined. In this area
also there was complete scorch of the tree crowns. On the lowest levels of the catchment
fire intensities as low as 173 kw/m were measured.
3.11. Residence time.
The duration of flaming combustion has an important effect on heat penetration of plant
parts and soil. The average residence time for each of the test fires was as follows:
Test Fire 1. - 29s
Test Fire 2. - 25s
Test Fire 3. - 16s
Test Fire 4. - 15s
On the upper part of the catchment where longer residence times were experienced,
epicormic shooting of Angophora hispida, Eucalyptus

spp. and Leptospermum

attenuatum were common while Banksia oblongifolia, Lambertia form osa

and

Angophora hispida exhibited shooting from lignotubers.
On the lower slopes, where residence times were short, no epicormic shooting occurred
and lignotuberous regrowth was confined to the localized areas of heavy fuels where the
fires had flared and leaves and trunks were scorched.
3.12. Scorch height.
Flame height has a considerable bearing on scorch height, but heat intensity (the amount
of fuel consumed and the rate of its consumption) must also to be considered (Luke &
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McArthur 1977). In this study, flame heights of three to four metres where common in
the "open low-woodland/low-woodland" on the catchment's upper benches (Plate 6).
Scorch or total removal of the canopy resulted from the fire in this area. On the lower
slopes, flame heights rarely exceeded 0.5 metre to one metre (Plate 7). Canopy scorch
was uncommon in this area except where flame height was enhanced by a "ladder-effect"
(Plate 5, Section 3.6, Chapter 3).

The residence time of the fire (rate of fuel

consumption) also influenced scorch height on the lower slopes. Slow rates of spread of
the fire front and low flame heights were associated with a localized canopy scorch
(Plates 8 & 9).
The degree of scorch of Eucalyptus

crowns determines the nature of the plant's

recovery. Luke and McArthur (1978) described the effects of various degrees of scorch
in Eucalyptus spp. Trees which have less than half of their foliage scorched are not
likely to produce epicormic shoots. If most, but not all, of the foliage were scorched,
epicormic shoots would appear along the lower branches. If all the foliage were
scorched, epicormic shoots may also develop along the bole and in the crown.
Similar recovery behaviour was observed for many of the shrubs in the catchment. The
structure of the vegetation determined scorch height in the catchment. On the upper
benches of the catchment the tree canopy was discontinuous with an average height of
6.5m. The crowns of these Eucalypts were continuous with the shrub layer and the
resulting 100% scorch in this area has little meaning when it is compared to similar
percentages of scorch for taller closed forests in other areas. On the lower slopes there
was an irregular distinction between shrub and tree canopy. The shrub layer varied
between 0-3m in height, a strata of Allocasuarina littoralis

and L eptosperm um

attenuatum extended between 4-6m and the Eucalyptus spp. and Angophora costata
canopy extended to 15m above that. Scorch to the top of the tree canopy was localized
where shrub and tree canopies were continuous. Generally scorch was up to 6m high in
the tall shrub strata. On either side of the unbumt vegetation bordering the creek scorch
was up to 3m in the shrub layer.
3.13. Reduction of fuel.
Fuel measurements made the day after the fire indicated that on the upper slopes less than
1.2 t/ha of dead fuel remained on the ground. There was complete removal of all live
material less than 1cm in diameter except in areas between spot fires. On the lower
slopes, dead fuel loads remaining after the fire varied between 0.0 t/ha and 2.5 t/ha.
Fuel measurements were repeated nine weeks after the fire. On the lower slopes, under
Allocasuarina littoralis and Eucalyptus eximia trees where scorched litter had fallen, fuel

hO

Plate 6. Flame heights of 3-4m which were common on the upper benches
of the catchment resulted in scorch or total removal of the canopy.

Plate 7. Flame heights of 0.5lm common on the lower slopes
of the catchment rarely resulted
in scorch of the canopy.

Plate 8.

Allocasuarina littoralis litter in which flame
height rarely exceeded 20-50cm. Residence time

of the fire was relatively long.

Plate 9.

Total scorch of the canopy and death

of mature Allocasuarina littoralis trees
resulted from the flames shown in Plate 8.
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replacement measured 5 t/ha. Similar fuel replacements were measured on the upper
slopes, where scorched shrub leaves had fallen and whole branches and bark had
dropped from Eucalyptus haemastoma trees. Raison etal. (1986) observed that fuel
loads increased more rapidly after fire than in the absence of fire because of fire induced
changes in the litter micro-environment. In areas where the vegetation experienced low
intensity fire and incomplete combustion of dead fuels, the fuel load was increased rather
than reduced by burning. Moisture was driven out of the herb and shrub layers,
scorching occurred to high levels and these now well aerated fuels were rendered more
available to subsequent combustion. Table 5 summarizes the changes in fuel loads nine
weeks after the fire.
In summary, this study was based on one experimental fire which burnt most of the
plant community in a Hawkesbury Sandstone catchment. The species composition,
richness and frequency of occurrence of the vegetation in seven permanent vegetation
quadrats was monitored during the thirteen years following the fire.
A wide range of variation was found in fire behaviour within the experimental
catchment. Canopy scorch was ubiquitous on the upper catchment benches but isolated
on the lower catchment slopes. The degree of combustion and coverage of the fire were
generally higher on the upper catchment benches than on the lower catchment slopes. In
the following chapters these fire behaviour variations will be related to variations in the
plant communities response to the fire of the species associations.

TABLE 5. FUEL CHANGES OVER TIME
Upper Catchment Slopes

Lower Catchment slopes

Prefire fire
fuel load
t/ha
ODW

(0 - 25)
average 11.5

(10 - 36)
average 19.0

Living fuel load
t/ha
ODW

average 6.5

average 7.5

Fine fuel
reduction
1 day after
burning
Fine fuel
replacement
at 9 weeks
after burning

Comments

Complete combustion of
shrub layer.
<1.2 t/ha ODW
remaining.

>5 t/ha ODW

Overall reduction in fuel
load after complete
combustion of understorey.

Variable combustion of
shrub layer.
Up to 2.5 t/ha ODW
remaining.

<5 t/ha ODW

Local increase in fuel
load with scorched
living fuel rendered
more available for
combustion.
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C H A PTER 4
CHANGES IN SPECIES RICHNESS AND SPECIES COMPOSITION
FOLLOWING THE FIRE
1.

INTRODUCTION.

The process of post-fire recovery in relation to species richness and compositional
changes within the Muogamarra plant community will be described in this chapter. In
addition, this part of the experiment is being used to examine the problems of
interpretation of post-fire plant community data when the data are limited by an absence
of pre-fire information, the use of a synchronic research approach (see Chapter 1) and/or
an inadequate sample size.
The directional change in species richness of an area over time is one tenet of the
classical succession concept which has been developed extensively in post-fire
succession studies. Changing species richness has also been linked to alteration of the
dynamics and stability of the ecosystem.

Odum (1969) proposed that diversity and

complexity of community organization increased throughout a succession. Although
Odum referred to the total species diversity of a community, later workers have tended to
apply this concept to smaller groups e.g. plant communities, bird communities and so
on. Whittaker (1975) re-inforced Odum's proposal and added that intermediate stages of
succession may be found to be more diverse because the intermediate stages contain
elements of early serai stages as well as elements of the more mature stages of the
classical succession community. Increases in species richness were thus used to imply
that new serai stages had been initiated. The implication should be supported by direct
evidence of recruitment of new species and attrition of previously established species.
Unfortunately, interpretation of synchronic studies is limited to inference from
comparisons of contemporary communities of different age and is therefore not open to
direct measures of recruit/attrition.
Three main problems appear to plague research which has been designed to investigate
temporal changes in species richness and composition. These apply to literature which
relates to post-fire succession in particular. The problems are:
i.

the choice of a suitable parameter with which to measure temporal changes in
the number of species;

ii.

the selection of a suitable sample size from which to collect the data;
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iii.

the necessity, perceived by many researchers, to hasten a study by the use of
the synchronic approach, in which analogous plant communities of various
ages are compared and from which interpretations of temporal sequences of a
succession are made.

1.1.

Choice of index.

Although many indices have been used to describe temporal change in the number of
species, most have been based on a simple absolute species richness/area/time
measurement. The concept that not all organisms in a community are equally important in
determining the nature and function of the whole community (Odum 1971) led to
attempts to modify the simple index of species numbers/unit area to take into account
perceived importance factors. Greater bulk, higher energy demand or higher relative
numbers of individuals were said to contribute to a species’ importance or degree of
control over the community. Thus, the simple measurement was made more complex
with the addition of factors of relative species frequency or structural variation. The
many indices which have been generated by this means are grouped together under the
general title "species diversity".
Shafi and Yarranton (1973a) supported the view that the simple measure of number of
species per unit area was fundamentally important when they reviewed the derivations of
the complex indices of species diversity and speculated on the relevance of each for
post-fire studies. They compared trends in species diversity, species richness and
species evenness and examined, in particular, Margalef s (1958) information measure of
diversity and Hurlbert’s (1971) probability of interspecific encounter. They concluded
that variations in both were due primarily to variations in numbers of species per unit
area.
Although the adequacy of the successional theory is now being questioned (Zedler 1981,
Whelan & Main 1979), much of the research related to post-fire change appears to have
been based on the assumption that a classical successional change will occur after fire.
Anderson's conclusion that many successions have been "as often perceived on the
basis of past experience as on hard-won local data" (Anderson 1986) could easily have
be derived from most of the literature related to post-fire plant community change. The
more complex indices appear to have been used when the species richness index (i.e.
absolute species numbers per unit area) has not detected the "obvious" changes which
were expected in a "succession" following fire. Johnson (1981) for example, claimed
that in a two year study of the Brigalow vegetation type in Queensland, species presence
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data did not detect the ’’obvious" changes which he perceived in a "secondary
succession" following a fire. He concluded that the directional change could only be
detected when standardized cover data were included. The simple species richness index
has been mathematically modified to include a standardized cover, biomass or relative
abundance component which shows an anticipated directional change. "Pyric
succession" or "secondary succession" has been inferred to have occurred because a
linear change in "species diversity" has been observed. These linear trends are biased by
increases in the size of individuals in a developing plant community or varying
reproductive strategies which have little significance in the "successional" process under
discussion (Zedler 1981).
There are additional problems where species diversity parameters are used and
compositional changes are ignored. Balanced inputs and outputs of species will result in
a constant species diversity or species richness value which will mask real compositional
changes. The species diversity concept has been used in so many biological contexts
that it now must be carefully defined before it can convey useful information. Hurlbert
(1971) and Dury and Nisbet (1973) supported this view in the context of successions.
The simple measurement of absolute species numbers per unit area appears to be a strong
influence in the more complex indices. When combined with data on recruitment and
attrition of species to the stand, the simple measure of the number of species per unit area
may be the more appropriate, less biased index to use to detect post-fire changes in the
plant community.

The species richness index has been combined with species

presence/absence data for use in this study.
1.2.

Sample size.

The total species composition of a community will rarely be contained within an
individual sample. Even with the use of species number/area assessment it is rare to find
a sample size of manageable proportions which includes more than 80% of the species in
a community. A set of multiple samples, taken in synchronic studies to represent a
particular time interval, must therefore contain some compositional variations. If the
number of species included in a sample is large, this variation is of little importance.
However, when the number of species per sample is small or zero, as it often is in the
early stages of recovery after fire, compositional differences between samples will be
important. When the number of species is small the variation in species richness
between samples may equal or even exceed the number of species in any individual
sample within the set.
In comparisons of communities of different ages, the use of a single sample size to detect

47

temporal trends overlooks the possibility that species densities may change over time. If
they do, a decline in species diversity in a late stage of post-disturbance recovery may be
an artifact of sample size.
Shafi and Yarranton (1973a) stressed the difficulties of the choice of an appropriate
sample size to be used with the more complex diversity indices. It is necessary to collect
data on the numbers of individuals of each species for those indices which include a
relative frequency factor.

It is frequently impossible to distinguish numbers of

individuals. To avoid this problem W hittaker (1965) used biomass data to derive a
diversity index, whereas Shafi and Yarranton (1973a) use abundance data and
Posamentier et al. (1981) used the point sample method to estimate cover. Bell and
Koch (1980) elected to group quadrats and calculated relative frequency of occurrence in
quadrats for use in a Shannon-Wiener index (H').
A difficulty in identifying real rather than apparent recruits is related to the choice of
sample size. The problem of accommodating all the species in a community in a
manageable sample makes interpreting new recordings as new recruits more difficult In
previously published works the presence of a species in a sample of a mature community
and its absence in a sample of a younger community has been interpreted as evidence that
the species had migrated to the community.

Lateral growth of individuals and

compositional changes outside of a sample have generally had to be ignored. It is not
possible for example, from the data presented in those works, to determine the validity
of the interpretation that migration has occurred. No mention is made of the possibility
that "new arrivals" may originate from lateral-subterranean extension of, or seed thrown
from plants adjacent to the sample and present throughout the history of the community.
W hen individuals cannot easily be distinguished, a point sample method of data
collection has often been used, but because of its small size, it is particularly subject to
the occurrence of new recordings which cannot confidently be identified as migrants.
A nested box method of permanent quadrats from which data are collected over several
years of study would overcome many of these problems as it could be used to detect
variations in the scale of changes over time. It would accommodate subterranean
extensions in plant growth over time and it would not be subjected to the problems of
duplication of samples between time intervals to which the point sample method is
prone. Therefore, it is this approach that I chose to use in my study.
1 .3 .

T he relationship betw een spatial variation and temporal variation.

In many studies where the synchronic approach has been used, the authors have
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admitted that variation between sites in communities of similar ages has confused
interpretation of temporal trends (Chapter 1). Synchronic studies are based on the fragile
assumption that contemporary communities of various ages since burning will have
common developmental histories and initial floristic compositions.

A diachronic

approach which utilizes permanently marked samples from which data is collected over
a large number of years is a more reliable method with which to detect temporal changes
in species numbers and composition.

2.

THE MUOGAMARRA STUDY

An attempt was made to monitor the changes in the species richness and species
composition following the experimental fire at Muogamarra. Perhaps a directional trend
comparable to that attributed to "succession” by other researchers would be observed in
this diachronic study. If this was the case it would be assumed that the experimental fire
had initiated a classical secondary succession in the five Hawkesbury sandstone
associations in the study area. The Muogamarra study was a more powerful study than
most previous works as it involved a 13 year diachronic study after fire in which pre-fire
data were known and the biological significance of temporal variation within a sample
was clear.

Any temporal trend in species richness was analyzed using precise

recruitment and attrition data.
The experimental fire was not a small scale, artificial event which would have failed to
initiate a secondary succession (a quantitative description of the fire appears in Chapter
3. The catchment area had experienced a disturbance of sufficient magnitude to initiate a
"successional" directional change of the type proposed by Odum (1969) and described
by Shafi and Yarranton (1973a), Specht et a l (1958), Jarrett and Petrie (1932), Bell and
Koch (1980), Christensen et a l (1981), Johnson (1981), Posmentier et a l (1981) inter
alia.

3.

METHODS

3.1. Sampling methods and parameters.
Prior to this, the species composition of quadrats of various sizes were compared to
determine the optimum sample size needed to represent the species composition of the
various pre-fire species associations in the experimental catchment ((Muston nee) Walker
1971). The study showed that there was little difference between the associated species
in a 3m x 3m, 4m x 4m and 5m x 5m sample. Thus a 3m x 3m sample included most of
the member species of each pre-fire species assemblage. It could not be assumed that
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this sample size would be suitable for a community which was younger or older than the
seven years post-fire. It was known, however, that a 5m x 5m sample had successfully
been used in an older community in the catchment immediately to the north of the study
area ((Muston nee) Walker, 1971). On this basis each permanent quadrat was set at 5m
x 5m.
Each permanent quadrat was subdivided on a grid pattern into 25, lm x lm quadrats.
The post-fire data were collected from each of the lm x lm quadrats. Data from these
quadrats could be analyzed in a "nested box" of quadrats of varying sizes, ranging from
lm x lm to 5m x 5m. Differences in the scale of a change which might become manifest
at any time interval following the fire could therefore be accommodated.
The grid pattern made it possible to identify new species in a quadrat which were
represented in an adjacent quadrat. The grid pattern of sampling was used to compare
adjacent quadrats at various time intervals. Species which proliferated underground and
emerged in adjacent quadrats were not interpreted as migrants to the species assemblage
as a whole. As pre-fire ecotones were not sampled, more subtle spatial changes in
species distributions between species assemblages were not observed. Intensive pre-fire
sampling of the catchment vegetation ((Muston nee) Walker 1971) provided information
on the likely origins of "new" species to the 5m x 5m quadrat which may have been
recorded after the fire.
3.2. D ata.
Species presence/absence data were collected from each lm x lm quadrat immediately
prior to burning and 1 month, 2 months, 6 months, 12 months, 4 years, 8.5 years and
13 years after the experimental fire. These data were used to calculate temporal trends in
species richness.
The underground proliferation and multi-stemmed habit of many species prevented
counts of numbers of individuals of each species. As previously stated in Section 1.2. a
point sample method was not considered reliable or efficient for the purposes of this
study.
Cover and biomass data were assumed to increase in magnitude with time and indices
which included these factors were rejected as it was considered that they would bias the
post-fire trends which were being investigated. Preliminary biomass surveys had
proven that biomass in the pre-fire community was extremely variable spatially and that
representative samples could not be collected (Chapter 3). Biomass sampling of the
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permanent plots was not considered as it would have ultimately destroyed the vegetation
and excluded the possibility of long term monitoring.
The mode of arrival of species which entered the quadrats after the fire but which had not
been recorded before the fire was noted. These data permitted interpretation of apparent
newcomers.
3.3. Analysis.
The analyses of these data were applied to three questions: temporal changes in species
richness following the fire;

temporal changes in "grain size" of species density

following the fire; and the influence of species gains and losses on the temporal
compositional changes. These are discussed in the following sections.
The experiment was designed to investigate the process of change in each of the pre-fire
species assemblages. Each pre-fire species assemblage was therefore considered as a
discrete subset of the data throughout the study although it was known that the spatial
pattern and composition of these species assemblages may have changed after the fire.
3.3.1. Temporal changes in species richness following the fire.
The number of species/unit area was considered at the lm x lm and the 5m x 5m scale
for each of the pre-fire species assemblages. This analysis was comparable to other
studies in which the data on pre-fire species composition were missing. No attempt was
made to compare the different species diversity indices which were used for analysis of
the data in other studies. Species richness has been used throughout.
The lm x lm scale of study.
The absolute number of species per lm x lm quadrat was used to calculate a mean
species richness at each sample date for each species assemblage.

The standard

deviation and coefficient of variation of the mean values were calculated in order to
describe the amount of variation in the data. This gave an indication of the temporal
pattern of change in species richness at a small scale in the community both within the
species assemblages and between species assemblages.
The 5m x5m scale of study.
The absolute number of species per 5m x 5m quadrat was used to calculate an absolute
species richness per 5m x 5m quadrat at each sample date. As each species assemblage
was represented by only one 5m x 5m quadrat, this analysis gave only an indication of
the species richness changes which might have occurred on the larger scale in the
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community. It was possible to compare the species richness derived from data collected
at the lm x lm scale with that collected by combining the lm x lm samples at the 5m x
5m scale sampling scale. This comparison permitted an examination of the influence of
sample size on species richness trends.
In the description of these results I have emphasized the temporal changes in species
richness as they apply to general community species richness changes because I
considered that these changes were relevant to an examination of the concepts of
post-fire succession.
The lm x lm quadrat and 5m x 5m quadrat data were also used to identify local
differences between species assemblages. Comment is made in the discussion of a
possible relationship between species richness changes and the degree of fire intensity.
These are important local phenomena which relate particularly to the Hawkesbury
Sandstone flora.
3.3.2. Temporal changes in "grain size" of species density following the fire.
In order to examine whether there was a temporal change in the "grain size" of species
densities within each species assemblage, the no. species/unit area was accumulated for
quadrats of lm x lm , 2m x 2m, 3m x 3m, 4m x 4m and 5m x 5m at each sample date.
3.3.3. The influence of species gains and losses on temporal compositional changes.
Changes in species richness mask the importance of additions and losses of species (see
above chapter 3,1.2.). In an hypothetical situation, the number of species/unit area may
remain constant as a result of a balanced number of species gains and losses. Species
composition may therefore change as species richness remains constant.

The influence

of the rates of species gain and loss on the species richness trends had to be assessed
before temporal species richness changes could be interpreted in relation to the process
of post-fire recovery.
The gain of new species and loss of pre-fire and post-fire species were examined in
order to detect whether suites of species were entering or leaving the species
assemblages over time since the fire. This analysis was conducted on data at the 5m x
5m scale of sampling on the basis of the results obtained in Sections 3.3.1.2 and 3.3.2.
The cum ulative species additions to each species assemblage were calculated,
irrespective of their presence or absence in the pre-fire species composition of the species
assemblage. The presence of a species was interpreted as the potential for that species to
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colonize the disturbed community. This analysis permitted investigation of the sequence
of species entry to the disturbed site.
The species assemblages were then examined for species gains in relation to the pre-fire
community in order to determine whether successive suites of new species were actually
involved in the recovery process. At each time interval the cumulative number of species
which were added to an species assemblage, and which had not been present at any
previous monitoring time (including pre-fire), was calculated.
The species gained by a species assemblage were examined for mode of recovery and
successful establishment.

It was assumed for the purposes o f this analysis that

germination represented the potential for that species to enter the disturbed community.
Failure to establish was assumed from species which were recorded at only one time
after the fire, unless they were known to have a short maturation time.
The cumulative percentage of the total species present/species assemblage/time was
calculated, (i.e. by 13 years after the fire 100% species had been observed). In addition,
the absolute number of species present/species assemblage/time was expressed as a
percentage of the total observed at each site. These data were drawn on a cumulative
percentage graph. The increases in the distance between the paired graphs were
interpreted as periods of species loss.
Table 6 summarizes the various manipulations of the data included in this chapter.

4.

RESULTS

4.1. Temporal changes in species richness following the fire.
There were biologically significant differences between the results obtained from the two
scales of sampling. The trends apparent in a small scale quadrat varied from those
obtained when groups of small scale quadrats are considered as single larger quadrats.
4.1.1. The lm x lm scale of study.
For the duration of the study, the mean value for species richness in Species
Assemblages 1,2 and 3 (on the lower slopes o f the catchment) was consistently lower
than in Species Assemblages 4,5,6 and 7 (the upper benches in the catchment).

1. Species richness
per assemblage
per unit time

2. Species density per assemblage
per unit time

3. Species composition changes:
Gains:
Cumulative species gained per
assemblage per unit time
Cumulative new species gained per
assemblage per unit time
Mode of entry of new species
Losses:
_____
Cumulative % of total species per assemblage per unit time
Absolute no. species per assemblage per unit time

Table 6. Summary of the various scales of sampling for the assessment of
temporal changes in species richness and species composition.
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On the lm x lm scale of sampling a common trend of temporal change in the mean
values for species richness was observed in all species assemblages. Figure 4 (a)-(g)
shows that a very early peak and long term gradual decline in species richness occurred
at the lm x lm scale in most species assemblages. It is important to note that the
horizontal axes on the histograms shown in Figure 4 are not broken into equal divisions.
The first 12 month period after the fire has been elongated on the axes to show detail of
the changes which occurred immediately after the fire. There was more than one peak in
the mean values in some species assemblages. The first peak in the mean values
appeared 6-12 months after the fire in all species assemblages. In Species Assemblages
1 ,5 , and 7 there is a second peak at 8.5 years after the fire. It is not possible to tell
whether a second peak occurred in Species Assemblages 2 and 4 due to the absence of
the year 4 data.

The mean values for Species Assemblages 3 and 6 do not show a

second peak but a peak occurred in some individual lm x lm quadrats. It is important to
recognize that there may have been additional peaks in the inter-sampling periods. When
the standard deviations are examined, the mean value peaks appear to be of little
statistical significance, however, the phenomenon of species addition in the lm x lm
quadrats is consistent over time within individual lm x lm quadrats.
The mean values appeared to be lower at 13 years after the fire than in the pre-fire
community. The standard deviations indicated that there was little statistical significance
in the differences between pre-fire values and the post-fire values 4 -1 3 years after the
fire. However, there was once again a consistent decline in species richness after 8.5
years within individual lm x lm quadrats.
The coefficient of variation corresponding to each mean species richness value (Figure 4
(a)-(g)) indicates that one month after the fire the variation between the species
richnesses of the small scale quadrats was at a maximum. This partly reflected the very
low species richnesses recorded at this time and the large number of empty quadrats. It
also reflected a variation in fire damage within the species assemblages, e.g. in Species
Assemblage 1 not every lm x lm quadrat was damaged by the low intensity fire which
burnt in the lower elevations of the catchment. In some species assemblages a local
discontinuity of fuel permitted small patches of plants to escape the damaging effect of
the fire. Even in the areas of higher fire intensity, on the upper benches of the
catchment, individual plants were sheltered from the spread of the fire by rock exposures
and bare earth. By 2 months after the fire the species richness of the lm x lm quadrats
is more homogeneous and by 6 months, variation between lm x lm quadrats is close to
pre-fire levels. At 13 years after the fire, variation between lm x lm quadrats was
beginning to increase once more.
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Figure 4. Temporal changes in species richness at the lm x lm scale of sampling. The coefficients of variation are shown above each bar.
Note that the divisions on the horizontal axes are not even.
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4.1.2. The 5m x 5m scale of study.
The differences between species richness on the upper catchment benches and on the
lower catchment slopes which had been shown to be present on the small scale were not
evident at the 5m x 5m sampling scale. Not many aspects of the trends that had been
apparent at the smaller scale of sampling were present when the lm x lm quadrats are
considered cumulatively as 5m x 5m quadrats. The dramatic decline in species richness
which resulted directly from the damaging effect of the fire was once again evident and
was followed by a rapid increase in species richness during the first 12 months after the
fire.

Thereafter, species richness either remained stable, increased or decreased

depending on which species assemblage was being considered.
The maximum species richness in a species assemblage, when considered at the 5m x
5m scale, varied from 6 months to 13 years after the fire (Figures 5 (a)-(g)). This was in
contrast to the common peak at 6-12 months, evident for all the species assemblages
sampled at the lm x lm quadrat scale. In Species Assemblage 3 the species richness at
13 years had dropped below the pre-fire level which had been reached at 8.5 years. In
Species Assemblage 2, where stable species richness levels were established 6 months
after the fire, the pre-fire species richness levels appeared not to be achieved at all. The
missing data at 12 months and 4 years for this quadrat may have concealed a peak.
Similarly a peak may have occurred at these times in Species Assemblage 4.
The inconsistency between the magnitude of values in the 5m x 5m scale trend in Species
Assemblage 1 (Figure 4(a)) and those in the other species assemblages resulted from the
heterogeneous effect of the low intensity fire. Although individual plants were removed
from the Species Assemblage 1 by the fire, most species survived somewhere in the 5m
x 5m quadrat.
There is little evidence that the community as a whole was experiencing the temporal
decline in species richness that was shown to be present in small patches within the
community (see above Chapter 3,4.1.1).
Of particular note was the marked difference between the number of species counted at
the two scales of sampling. Species richness values at the 5m x 5m scale were between
two to three times larger than those at the lm x lm scale. This was not unexpected but
was important because it meant that lm x lm samples omit between 50%-60% of the
species constituting each species assemblage. These species would contribute to the
variations in species composition which would have appeared had the study been
confined to small scale samples. In addition these species may have played an important
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role in re-establishment or change in the community e.g. they may be uncommon species
with large size individuals which compete strongly with smaller ubiquitous species.
There is an important limit to interpretation of the data at both scales of sampling. This
limit is well demonstrated by the 12 month post-fire interval data. It was only possible
to record 12 month post-fire data in two species assemblages i.e. Species Assemblages 5
and 6. The Species Assemblage 6 data at 12 months when viewed in the context of the
data at other times revealed a peak of species richness at 6 months followed by a steady
decline towards pre-fire levels. The Species Assemblage 5 data at 12 months indicated a
peak at 12 months. Either may have represented a common phenomenon for this
community. Species richness peaks for Species Assemblages 1, 2, 3, 4 and 8 may be
missing from the data.
4.2. Temporal changes in the scale of species density.
The scale of species density changes over time. In the early stages of post-fire recovery
species are added rapidly to the association. This rapid gain is illustrated by the large
difference in the species richness in the 5m^ sample between the 1 and 2 month data and
the 6 month, 1, 4, 8.5, and 13 year data (Figure 5). As the community matures the
number of species per unit area decreases. The increase in the slopes of the species
number/area curves for the different sample times results from the decrease in species
density (Figure 6). Species Assemblage 6 was chosen to illustrate this phenomenon.
Similar observations were made in all other species assemblages except Species
Assemblage 1 where many individual plants survived the low intensity fire (Appendix
4).
4.3. The influence of species gains and losses on compositional changes over time.
4.3.1. Gain of species.
In the absence of pre-fire data, the cumulative species gain data (Figure 7) could be
interpreted as an indication that migration had a profound influence on the recovery
process. A rapid rate of species additions during the first 12 months after the fire was
followed in most species assemblages by a prolonged plateau during which few species
were added. Species Assemblage 5 continued to gain species at a rapid rate to 13 years
after the fire and Species Assemblage 6 experienced a second gain of species after 4
years.
Those species which had not been present in the pre-fire species assemblage were then
extracted from the data. Figures 8 and 9 show that the actual post-fire addition of

12 months
6 months
102 months
Pre-fire
48 months
156 months

Number of
species

2 months

1 month

Figure 6. Species number per sample area curves for Species Assemblage 6. The time
since the fire is shown against each curve.
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Figure 7. The cum ulative increase in species richness for each species assem blage for
5m x 5m quadrats. The divisions on the horizontal axis are not even. Num bers on each
lin e refer to species assem blages.
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Figure 8. The cumulative gain of species which were not present in the pre-fire species
composition of each species assemblage. Divisions on the horizontal axis are not even.
Numbers on each line refer to species assemblages.

declined.
*

17 were geophyte species, 16 were opportunistic germinations which failed to
establish and 4 were genuine recruits.

Figure 9. Summary o f changes in species composition and relative
abundance following the fire.
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species to a species assemblage was of little importance.

A total of 108 species was

recorded over all species assemblages during the study. Thirty-eight species were
recorded in species assemblages in which they had not been recorded before the fire.
Of the 38 "added" species, 36 had been recorded in one or more of the other species
assemblage before the fire. The species gained by the species assemblages and the
characteristics relevant to their entry to the burnt site are listed in Appendix 5 .
Of the 38 apparently "added" species, 16 germinated in a species assemblage in which
they had not been present before the fire but failed to establish.

All were established

members of other species assemblages. Seventeen were geophytes which had been
present beneath the soil prior to burning. All had sprouted and fluctuated seasonally
after the fire. Neither group can be considered to have "migrated" successfully to the
disturbed site after the fire. Each species assemblage had its own suite of "added"
species. Few of the "added" species emerged in more than one species assemblage.
Only four of the "added" species established in a substantial abundance and later declined
over time i.e. Cyathochaetae diandra, Actinotus helianthii, Lomandra filiformis, and
Ptilantheliun deustum (24%-56% max. frequency of occurrence). Only three of the
"added" species successfully increased their distribution after the fire i.e. Patersonia
sericea, Gleichenia dicarpa and Gonocarpus teucrioides (24%-40%).
Only four species could be considered as having successfully migrated to a new location.
These were Epacris pulchella (Species Assemblage 3), Gleichenia dicarpa (Species
Assemblage 2), Kunzea capitata (Species Assemblage 6) and Lasiopetalum ferrugineum
(Species Assemblage 3). All were present elsewhere in the experimental catchment prior
to the fire.
There was an early, rapid rise in species richness which can be attributed to the recovery
of the species composition of the pre-fire species assemblage (Figure 7). The most rapid
return of the pre-fire species occurred 6 months and 12 months after the fire, i.e. during
the mid winter - early spring. Of the total species observed in each species assemblage
90% had appeared in the first 6 months after the fire. A maximum of 10% of species
entered a species assemblage over the following 12.5 years.
Late recovery of the pre-fire species and addition of new species had a minor impact on
the community after 12 months. The addition of species to the species assemblages on
the upper benches in the catchment in the first 6 months after the fire exceeded those

65

added for the same period to species assemblages on the lower catchment slopes.
4.3.2. Loss o f species.
When species lost from the pre-fire species composition of each species assemblage are
considered, losses are seen to be minimal. Figure 10 shows that, as a result of the fire,
Species Assemblage 2 lost more species than the other four species assemblages for
which pre-fire data had been collected. Of the species lost, 6 of the 7 were shrub
species. In Species Assemblages 3 and 7 only one species failed to reappear and Species
Assemblages 1 and 6 lost only two species each. Species were lost steadily from the
post-fire species assemblages from 6 months - 4 years.
The general trend of a decline in species numbers after 12 months that was described in
Section 4.1. was seen to be influenced both by a small number of species additions and a
larger number of species losses. At no time were all of the species present in a species
assemblage. The distance between the absolute percentage species/time curve and a
hypothetical value extended from the point before on the cumulative percentage/time
curve (Figure 11) shows that there were two stages of species loss, one which results
directly from immediate fire damage and a second between 1 year and 13 year sample
after the fire.

5.

DISCUSSION

The scale of species densities varied both spatially and temporally. Spatial variation was
shown by the comparison of the two scales of species richness sampling. At the large
sampling scale it was evident that the species richness was similar for all species
assemblages. However, the small scale sampling had indicated a difference in species
richness between the ’’low woodlandT'low open-woodland"(Specht 1970) on the upper
catchment benches and the "open-forest"(Specht 1970) on the lower catchment slopes.
This inconsistency had arisen because of a difference in species densities between the
two locations. The species densities on the upper catchment benches were higher than
those on the lower catchment slopes. Temporal variation in the scale of species densities
was shown by comparison of the number of species/area curves for each time of
sampling after the fire. Species densities became coarser as all species assemblages
matured after the fire. Because of the change in the species/area relationship continued
sampling with a small sized quadrat will inevitably produce a decline in species richness.
Such a decline does not necessarily represent changes at the community level.
The evidence presented in the literature on both synchronic and diachronic studies
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Species A ssem blage
Figure 10. The number o f species w hich w ere lost from each species
assem blage as a result o f fire.
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indicate that vegetation communities throughout the world are generally thought to
exhibit progressive declines in their species richness with time since fire. Within the
Australian communities, Specht et al.( 1958) speculated that the species richness of the
heath communities of Dark Island, South Australia declined with age; Posamentier et al.
(1981) found that the average number of species per quadrat surpassed pre-fire levels
around 12 months, reached a maximum value at four years and then declined.
Christensen et al. (1981) proposed that maximum species diversity occurred immediately
following the fire and decreased with time; whereas Bell and Koch (1980) observed that
species numbers increased with age since fire until three-five years when a gradual
decline occurred.
In North America, Shafi and Yarranton (1973a) recorded high values for species
diversity and probability of interspecific encounter (the number of species present
compared to an expected number) 4-11 years after burning and observed a long decline
thereafter. Continued stability following a peak in values was observed in Australia by
Johnson (1981) and in France by Trabaud and Lepart (1980, 1981). Johnson observed
the peak value at one year after burning and stability for the following ten years.
Trabaud (1980) and Trabaud and Lepart (1980, 1981) observed maximum species
numbers between the tenth month-fourth year following fire. Relative stability in
numbers was then observed from five years onwards.
The apparent conflict between the times it takes a community to achieve a maximum
species diversity may result from the inherent characteristics of the species which
distinguish one community from another. Alternatively the differences may be a factor
of the technique of study or the size of samples. Those of the previously mentioned
studies which were based on a synchronic approach, have an inherent variability which
arises from variations in fire history, species composition and developmental history.
The M uogamarra Study has shown that variation between results could arise from
variation in sample size.
The phenomenon of progressive decline in species richness was observed only when the
Hawkesbury Sandstone community was tested with a small scale sampling technique.
The /m 2 data, though revealing a sampling problem when inferring community trends
do, nevertheless, provide an insight into spatial pattern. The investigation of changes in
species richness over time since fire in the lm x lm quadrats displayed a common trend
which was not related to fire intensity, fuel or species composition. The first most
obvious change in species richness occurred as a direct result of the fire. Species
richness values temporarily approached zero as the aerial parts of most understorey
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plants experienced some degree of direct physical damage. Fire sensitive species were
killed while fire tolerant species were forced to reshoot from protected tissues. A rapid
recovery of species richness occurred in the first 12 months following the fire with the
maximum value for the study occurring at 6-12 months. During this time fire-damaged
plants had resprouted and the seed dispersed both before and after the fire had
germinated. Species numbers appeared to fluctuate thereafter around a constant value
which was similar to the pre-fire value.

There was a progressive decline in species

richness in individual small quadrats over the following 12 years with values comparable
to the 7 year-old pre-fire community being achieved at 4-8 years after the fire. As
individual plants within the patches matured beyond their age at the time of the fire, the
species richness of individual small quadrats did decline.
The small-scale, lm x lm quadrat is considered to be equivalent to a small patch of
vegetation which has been disturbed sufficiently to denude it temporarily of living aerial
plant parts. Within the patch there was a rapid accumulation of species during the first
12 months after the fire. Following this there was an irregular loss of individuals of
species over the whole community from which it is inferred that a second stage of
patches was made available for colonization. A small but steady addition of species
continued to enter the community. The rapid colonization of the first recovery stage did
not appear to exclude later entry of species to the community.
When the patches (represented by the lm x lm quadrats) were combined to form the
species assemblages (represented by the 5m x 5m quadrats), the interpretation of the
trends changed and local variation in the physical characteristics of the environment
became evident. Where fuels were discontinuous and fire intensity was low, the species
assemblages as a whole experienced minimal loss of species. Many species survived the
fire in sheltered niches. The fire created a temporary addition of species as the disturbed
patches presented an opportunity for available propagules to germinate or shoot. Species
richness stabilized close to pre-fire values after the peak.
In contrast, where fuels were continuous and homogeneous and fire intensities were
higher, most species were lost immediately after the fire and the addition of species
during the first 6 months was higher than it was in the low fire intensity areas.
A process of rapid replacement of species occurred during the first late-winter to
mid-spring season after the fire. Pre-fire values were exceeded in most of these species
assemblages between 6 months - 4 years. The process of recovery after 12 months
appears to vary between these species assemblages. Species richness on the upper
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catchment benches in the "open-woodland”(Specht 1970) continued to increase after the
fire. The species richness in the "low open-woodland"(Specht 1970) declined from 12
months - 13 years after the fire where a herbaceous understorey existed before the fire.
The decline dropped below pre-fire levels (this will be shown in Chapter 6 to be a result
o f fire induced local changes in species frequencies).

W hereas the "low

open-woodland"(Specht 1970) reacted to a higher intensity fire by stabilization at pre-fire
values, some parts of the "open-forest"(Specht 1970) appeared to stabilize at 6 months
but remained below pre-fire values.
For a vegetation community of the Hawkesbury Sandstone type, where species richness
is large and the structure extremely heterogeneous, a small scale sample does not detect
the processes which are active in the species assemblage as a whole. The sample
obtained when contiguous lm x lm quadrats are grouped and considered cumulatively
as a 5m x 5m quadrat was a more realistic sample of what was a very heterogeneous
community.
The results of this chapter suggest that the variations within and between the published
studies discussed above could arise as much from sampling techniques as from inherent
differences between communities. Three important points illustrate this statement:
i.

Species richness/diversity data has been shown to be misleading and often
irrelevant unless pre-fire and post-fire gains and losses of species are taken into
account.

ii.

Sample size has been shown to influence interpretation and directional trends.
The data in this study could be made to fit the trends observed by other
researchers by adjusting the scale of sampling. Temporal changes in the "grain
size" of species densities mean that a static sample size is not suitable for the
collection of temporal sequences of post-fire data. Species-additions identified
by other researchers may arise simply from inadequacy of sample size and not
from immigration of new species.

iii. It is highly likely that the directional trends interpreted from synchronic studies
may be methodological aberrations of the data.
The Hawkesbury Sandstone community was found to be extremely resistant to fire
induced changes in species composition and species richness, at least where a single fire
was concerned. The impact on the community of sequential fires will be discussed in
Chapter 5.

Species richness and species composition were temporarily altered in the
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first 12 months after the fire. In the following 12 years they were restored to their
pre-fire condition and there was no indication in the data to suggest that a further change
was imminent.
Examination of individual plants which had died in the 4-13 year period after the fire
showed that most had matured and flowered at least once. This is consistent with the
quantitative evidence collected by Benson (1985) from the Hawkesbury Sandstone
vegetation in Brisbane Waters National Park to the north of the Muogamarra Nature
Reserve. Benson recorded maturation times of two to seven years for a collection of
understorey species, 75% of which also occurred in the experimental catchment at
Muogamarra. This observation also supported the assumption which was made at the
beginning of the experiment (Chapter 2), that the pre-fire community was reproductively
mature.
Systematic observations also indicated that, at Muogamarra, a loss of herbaceous species
occurred during the first 12 months after the fire within individual lm x lm quadrats.
This factor has not influenced the 5m x 5m quadrat data as loss was not homogeneous
across a quadrat but appeared to result from selective grazing of particular plants.
Flattening of young growth was common and usually associated with the regular
pathways of animal movement.

Most grazed species reappeared in the species

assemblage at a later stage and do not therefore appear as lost.
In the absence of the pre-fire data, it could have been argued that, consistent with the
classical succession concept, the gains and losses in the species richness data were
associated with migration, establishment and competition of successive seres. The fact
that there is no period after the fire when all potential members of the community are
present could further add to this mistaken interpretation.
Evidence of the species composition of the species gained and lost showed, however,
that the classical succession process was not occurring at Muogamarra. Of the species
actually added to the species assemblages after fire, only two had not been recorded in
the permanent plots pre-fire. Both of these, however, had been recorded in the earlier
intensive vegetation analysis of the experimental catchment. It is suggested that the
arrival of these species plus two other species to ’new’ sites resulted from dispersal of
seed at the time of the fire or late germination of seed from the soil store followed by
successful establishment at a density higher than that of the prefire community.
Of the rem ainder o f species 'gained' by species assemblages, 42% comprised
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germinated seeds which failed to establish in their new site. These were opportunistic
species which either found environmental conditions unfavourable or suffered from
post-fire extremes of weather conditions. Forty-four percent of the species gained were
geophytes which were dormant or at least sub-terranean at the prefire sampling time.
Many o f these appeared to be stimulated by the fire, but there were others which
continued to reappear seasonally. Not all of these apparent additions to the community
can be attributed to the fire disturbance. Ten percent of apparent additions were actual
additions which succeeded in extending their pre-fire range. These represent only 3% of
the total community and cannot be considered to contribute significantiy to the process of
community recovery. The pre-fire species compositions of all species assemblages
re-established within 6-12 months after the fire. Between 4-13 years individuals of
some species were lost and individuals of other species replaced them. This did not
represent initiation of subsequent successional seres. The species gained and lost were
present at all times somewhere within the species assemblage. Most species gains were
derived from lateral subterranean growth, seasonal dorm ancy/sprouting and an
"opportunistic” germination associated with failed establishment of species from other
species assemblages.

In summary, no evidence was found in the 13 year post-fire study at Muogamarra to
indicate that the classical succession process had been initiated by the experimental fire.
No second sere had entered the community during the study and no indication could be
found that a second group of species was available within the catchment. All available
species took early advantage of the bare patches and maximum availability of resources
created by the fire. Not all available species had the potential to take sufficient advantage
of available resources to establish themselves as mature members of the community.
The number of species which were able to establish was larger than the number present
before the fire. As the individuals increased in size and resource demand, some
individuals died and therefore some species disappeared from the quadrats. Stability in
species numbers occurred between 8.5 and 13 years after burning.

This limited

interpretation of the data suggests that the process corresponded with the Initial Floristic
Composition Model of Egler (1954). W ithin the stable level of species richness,
however, there was an ongoing but slight change in the species compositions which was
controlled by the death of over-mature and diseased individuals. A further input from
existing species thus took advantage of the community resources which were temporarily
made available on a local scale. The particular species which were involved in this
sequential entry to the mature stand will be discussed in Chapter 6.
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Although patches of understorey vegetation within the community were temporarily
removed by fire, the community as a whole was not permanently altered by this single
fire. The influence of the fire on the post-fire community was most pronounced in the
first 8 years. By 8 years after the fire, the community had completed the recovery
process and thereafter it was strongly influenced by increasing maturity of individuals,
disease and changing physical environmental factors, e.g. soil erosion, litter buildup and
decay.
The results o f this chapter question the validity of the classical post-disturbance,
secondary succession concept in relation to the Hawkesbury Sandstone vegetation.
Comment can now also be made on the species diversity change as an index of
secondary succession changes. The chapter demonstrates two important facts. Firstly,
the recorded diversity changes could be manipulated into a preconceived pattern solely
by a change in scale of study. Secondly, even if this were done, the study finds no
evidence of community-level, immigration and competition of species within seres.
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C H A PT ER 5
THE SURVIVAL STRATEGIES WHICH CONTRIBUTE TO REPLACEMENT OF
SPECIES COMPOSITION AFTER FIRE
1. INTRODUCTION
Chapter 4 demonstrated that the experimental fire had not been followed by gross
changes in the species composition of the vegetation at Muogamarra. This was a similar
finding to that of Trabaud and Lepart (1980) (Section 3, Chapter 1) who described fire
as a superficial phenomenon and the return of the pre-bum community as a phenomenon
of "resilience" as described by Holling (1973), Boesch (1974), Kikkawa (1986) and
Dell et al. (1986). Keeley (1986) also suggested that it was possible to define the
resilience of a fire-prone plant community in terms of a rapid return of the pre-fire state.
Keeley’s definition, however, was based on the classical succession model where
"successional" and "climax" components were interpreted as being highly resilient to
fire-induced change. The definition used by Trabaud and Lepart (1980) is used in this
study.
The resilience of a plant community would be determined by the ability of each of its
member species to survive the perturbations to which the community is exposed. Fire,
like any other event which places individual plants under stress, results in the death of
sensitive species and temporary removal of a major portion of the biomass in others.
The member species of the species assemblages in the experimental catchment must have
possessed strategies which facilitated membership of the post-fire community. There are
two major groups of survival strategies. Some individual plants can survive fire damage.
These individuals survive a fire by activation of protected buds which can be located in
various positions within a fire damaged plant according to the species. Fire sensitive
species can also survive a fire. Although individual plants of these species are killed by
a fire, they are characterized by various forms of seed protection which permit survival
of the species as distinct from survival of the individual.
Popular interpretation of the evolutionary significance of these strategies has progressed
from a belief that both evolved specifically in response to fire (Gill 1975) to the
contemporary view that both have developed in response to recurrent stresses of various
sorts e.g. drought, grazing, fire, frost damage (Whelan 1985).
Although extensive literature exists on the response of specific species to fire damage,
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few studies have sought empirical evidence on the long-term consequences of the
combined response o f the members of a community. In this chapter the community's
response to change is investigated in terms o f the strategies adopted by the member
species of the five species assemblages defined in Chapter 2.
1.1 Survival Strategies.
Survival strategies of plants were recognised by Clements (1916) although they were not
considered in the context of a resistance to change. Rather, Clements' recognition of
resprouter and seed survival species can be inferred from his claim that the two most
fundamental processes in a succession are "aggregation" and "migration." Both result
from seed germination, "aggregation" from seed which has survived a fire and
"migration" from seed dispersed to the site from elsewhere following a fire.
Scientific investigation o f these strategies began in Australia with Jarrett and Petrie's
(1929) empirical study of a "pyric succession" which in the mountain eucalypt forests of
the Blacks' Spur Region of Victoria. Contrary to Clements' expectation that migration
would be the more important of the two processes, aggregation was observed not only to
be a significant process but also to occupy a prior sequence in time. Aggregation
resulted not only from seeds in a superficial postion on the soil which were assumed to
have been disseminated since the fire, but also from seeds deeply buried in the soil
which were assumed to have been stored there during the inter-fire period.
The process of "renascence" (= bom again) (Jarrett & Petrie 1929) or resprouting was
also given high priority. Four classes of "renascence" behaviour were noted:
i.

woody plants with hypogeous renascent stems;

ii.

woody plants with epigeous renascent stems;

iii.

annually renascent stationary geophytic herbs;

iv.

rhizome - geophytes.

The various studies published since 1929 demonstrate that these categories represent
common phenomena in the Australian flora. Gill (1981) has already reviewed the
historical development of this topic in Australian field studies and has reviewed the
classification system s o f survival strategies adopted by plants in fire prone
environments.

Most contemporary works use the three broad divisions of Naveh (1975):

77

i.

obligatory root resprouters;

ii. facultative root resprouters;
iii. obligatory seed regenerators.
For the purposes o f some studies' Naveh's categories have been shown to be too
generalized and therefore ambiguous. A species which is characterized by 'sprouting'
after fire may be killed if the individual plant involved is too immature to have produced
protective tissues, it may be seasonally vulnerable or the fire may be of such high
intensity that protection is inadequate at high, prolonged temperatures. In addition, a
species which can sprout after partial leaf-scorch may be killed by complete leaf scorch.
It is possible then, that a single species could be recorded in conflicting categories in
two independent studies which involve distinctly different seasons, fire intensities or
community maturity. For example, Benson (1985) observes that at Brisbane Water
National Park, N.S.W., Petrophile pulchella was fire sensitive whereas Beadle (1940)
stated that it had a 92% survival after fire.

Benson referred to other species as

resprouters which appeared to be fire sensitive in the Muogamarra study.
Problems of information exchange appear to be inherent in any classification system
which attempts to categorize survival strategies. Gill (1981) and Noble and Slatyer
(1977, 1981) have attempted to resolve this problem but no universally applicable
classification has yet been devised.
W hen the Muogamarra experiment was designed in the early 1970's’ information on
survival strategies was limited and three broad classifications were chosen to categorize
the data on each post-fire monitoring occasion:
i.

seed germination;

ii.

resprouting from damaged tissue;

iii. growth from previously unobserved subterranean organs;
At the conclusion of this study, it was found that the data collected at Muogamarra could
easily be adapted to fit the categories which were used by Bell et al. (1984) in a
discussion of species response to fire in the south-west Australian shrub-land. These
categories were more detailed than those o f Naveh (1975) and conveyed the desired
information about the survival strategies o f the community studied at Muogamarra.
There will, nevertheless, still be conflict between the observations of survival strategies
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at Muogamarra and those observed by researchers for the same species elsewhere.
The categories adopted from Bell et al.{1984) for use in this chapter are:
i.

Fire Ephemerals (F.E.);

ii.

Obligate Seeders (O.S.);

iii.

Sprouters

- Obligate Vegetative Sprouters (O.V.S.);
- Facultative Sprouter Seeders (F.S.S.);
- Autoregenerative Long-lived Sprouters (A.L.S.).

The particular proportion of each survival stategy in a plant community will determine
the response of the community to changes in fire regime. A definition of each of Bell's
survival categories follows, together with a brief discussion on the relationship between
fire regime and mode of survival.
1.2. Fire sensitive species.
Fire Ephemerals.
These are plants which complete their life-cycle in one or two seasons. Bell et
al. (1 9 8 4 ) found that they were m ostly annuals which exhibit a
fire-stimulated, perhaps fire-dependant, germination. Bell et al. suggested
that species in this category were present mainly in the first years of a post-fire
succession. Others have observed that species in this category are present in
the earliest stages of community survival and are absent in the later stages.
The departure of these species from a post-fire community has been found to
contribute to most of the changes in community composition which has been
recorded in post-fire successions (Specht et al. 1958, Bock et al. 1976, Baird
1977, Bell & Koch 1980, Trabaud & Lepart 1981, Bell et al. 1984). This
evidence suggests that species in this category should occupy early post-fire
successional stages as defined by Clements (1916).
The general paucity of annual species in the southern hemisphere was noted by
Adamson (1935), Martin (1966) and Gill & Groves (1981). Annuals and
other short-lived species appear to play a significant role in post-fire survival
in the northern hemisphere. References were made by Sampson (1944),
Bock et al. (1976), Naveh (1975) and Trabaud and Lepart (1981) to
ephemeral species which were lost due to competition with other species
within the first few years of community survival.

Their long-distance

mobility is disputed. Kruger (1983, cited in W helan 1986) indicated that
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post-fire immigrant annuals were lacking in all regions except the Californian
chaparral and Keeley (1981, cited in Whelan 1986) concluded that annuals
were adapted to fire and were poor long-distance dispersers. The existence in
Australian plant communities o f Fire Ephemerals with life spans of three
months - three years is demonstrated by Specht et al. (1958), Floyd (1966),
Purdie and Slatyer (1976), Baird (1977) and Bell et al. (1984). Baird (1977)
and Bell et al. (1984) indicated that, in the Western Australian flora, the Fire
Ephemerals may play a role similar to that of their northern hemisphere
counterparts. Those noted by Purdie and Slatyer (1976) and Floyd (1966) in
eastern Australia were introduced northern hemisphere species which were
thought to have migrated from disturbed road and track verges and adjacent
pastureland or survived long, soil storage.
W hat part do Fire Ephemerals play in fire-prone plant communities? A high
frequency of fires would be of advantage to this group because it would
minimize the need for long seed viabilities and the problems of a long-term
attrition of soil-based seed stores which was suggested by Specht et al. (1958)
and Auld (1986). Provided seeds of these species are present in the pre-fire
community, their numbers should be increased with an increase in fire
frequency.
Obligate Seeders.
These are longer-lived species which also have their growth cycle terminated
by fire. There is speculation that the Obligate Seed strategy places species in
fire-prone areas at risk. For example Bell et al. (1984) suggested that species
in this category could have their population size critically reduced by an
increased frequency of fires. Alternatively, those species with large viable
seed stores could react to a prolonged inter-fire period by increasing thenfrequencies after a subsequent fire (Bradstock & Myerscough, 1981) provided
the chance for survival of stored seed did not decrease with increasing age of
the stand (Specht et al. 1958). Keeley (1986) described Obligate Seeder
species as those species which recruit seedlings only in the post-fire year and
which require fire for rejuvination and population expansion. On this basis,
Keeley stated that plant communities which are dominated by Obligate Seeder
species are not resilient to wide deviations from a model fire frequency range
of 20 - 50 years.
A relationship between variations in fire intensity and seed germination rates,
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suggested by Floyd (1966), O'Connell et al. (1979), Posamentier et al.
(1981) and Groves (1986) places these species at risk if fire intensities are
insufficiently high to promote prolific germination or so high that seed is
destroyed (Kilgore & Biswell 1971).

In addition, in a fire-prone

environment, the species in this category are regularly present in the
community in an immature state which is vulnerable to grazing and the
fluctuation of post-fire weather conditions. These species are then vulnerable
under cyclic environmental change, e.g. regular fire. However, they possess
the benefit of a great

capacity to alter their distribution

after any

environmental change. This benefit is not confined to obligate seeders.
1.3. Sprouters.
In theory, species which use the Sprouter strategy should remain unaffected by changes
in fire frequency. However, prolonged frequent artificial stimulation of the Sprouter
strategy and unnaturally extreme high fire frequency has been found to be destructive
(Zammit 1986; Zedler et al. 1983). These species have a higher chance of occupancy of
a regularly fire-stressed community than the species which return via seed dispersal
(Keeley 1986). The Sprouter species become vulnerable when the environment is
subjected to directional changes, e.g. geomorphological change which alters moisture,
nutrient and light regimes.
Obligate Vegetative Sprouters display exceptional active multiplication by
vegetative means but little evidence of seed reproduction.

These species

avoid the risk of having their life cycle prematurely truncated but do not have
the Obligate Seeders' opportunity for recmitment or variation of distribution.
Fire represents little threat to these species but a dramatic change in other
critical environmental factors could not easily be survived by recruitment.
Facultative Sprouter-Seeders are generally short-lived or fire sensitive. These
species have the capacity to resprout after minor fire damage but more
commonly use seed recruitment. An environment in which fire intensity is
heterogeneous is possibly the most secure place for these species. If fire
frequency truncates development prior to seed maturity, those individuals
which have managed to resprout will secure occupation of the post-fire
community for the species.
Autoregenerative Long-lived Sprouters show limited recruitment via seed
production and a very high success in vegetative replacement after fire. When
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seedlings germinate they advance to maturity slowly and divert a large
proportion of their season's increment into below-ground biomass.
The relative proportion of each of the modes of survival mentioned above will determine
how frequently burning can take place before the species diversity of the community is
severely altered. A community with a high proportion of fire ephemerals would survive
frequent burning with little reduction of species richness. In contrast a reduction in
species richness could occur if a community with a high proportion of Obligate Seeders
were exposed to high fire frequencies.

A community with a high proportion of

Sprouters would be more resistant to high fire frequencies.

The most resilient

community under a variable fire regime should be one where sprouters exceed obligate
seeders and niches where individuals were protected from fire damage are common. In
addition, a low number of fire ephemerals would be an advantage to the community as it
should remove problems of competition for resources in the early post-fire stages of
survival.
In relation to the structural morphology of the community the relative abundance of the
species in each category is as important as the relative proportion of species in each
category. A community can undergo dramatic structural changes while the relative
proportion of each mode of survival remains constant. An increase in the abundance of
an Obligate Seeder species can create local monospecific domination of the community
which could result, in time, in successful competition and a loss in species diversity to
the community. The relative proportion of each mode of survival in the Muogamarra
plant community is examined in this chapter. The vulnerability of the different strata
within the community to changes in fire frequency are inferred from this examination.

2. METHODS
The relative proportions of species exhibiting the different survival strategies in the
Muogamarra experimental catchment were examined at both the level of the whole
community and the species assemblage. The capacity for change of species composition
through changes in species dominance was also considered.
The analysis of post-fire data is divided into the following four sections:
2.1.

The proportions of species demonstrating each survival strategy within
the community.

2.2.

The proportion of species demonstrating each survival strategy within
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each stratum in the community.
2.3.

The proportions of species demonstrating each survival strategy within
each species assemblage.

2.4.

The relative abundance of each species demonstrating each survival
strategy.

In this way the resistance to change of each structural stratum in the community was
assessed.
2.1.

The proportion of species demonstrating each survival strategy within the

community.
The method of survival was noted for each species as it first appeared in each quadrat
after the fire. This information was accumulated for each species assemblage over the 13
year post-fire period. The data were classified according to the five fire survival
categories of Bell et a l (1984). The number of species in each species assemblage
which utilized each survival strategy was counted. The relative vulnerability of each
species assemblage to changes in fire regime was then considered.
The data for each species assemblage were combined to achieve a community data set.
These data were divided into subsets on the basis of the survival strategy demonstrated
for each species. The number of species included in each subset was expressed as a
percentage of the total number of species in the community set. The contribution that
each survival strategy made towards survival of the pre-fire species composition of the
community was assessed.
2.2.

The relative proportion of species demonstrating each survival strategy within

each stratum in the community.
The community data were then classified according to the structural unit of the
community which each species had the potential to occupy. The structural strata were:
i.
ii.

trees, canopy;
tall shrubs w hich em erged from the continuous understorey
layer (plants greater than 2m tall);

iii.

shrubs w hich constituted the continuous understorey layer
(plants less than 2m tall but greater than lm tall);

iv.

small shrubs, vines and herbs less than lm tall.

The structural classification used potential heights of species. In the immediate post-fire
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community most species were less than lm tall. The potential height for a species was
estimated from observations made during the 13 year post-fire period. Most species had
achieved their potential height by the end of the study. The taller emergent shrubs
(structural category ii) had not all achieved their potential heights after 13 years but had
all flowered at least once. The number of species which demonstrated each survival
strategy and which occupied each structural subset of the data was expressed as a
percentage of the total species in that structural subset and as a percentage of the total
species in the community. In this way the resistance to change of each structural stratum
in the community was assessed.
Categories 3 and 4 were somewhat ambiguous. The understorey stratum up to 2m high
was vertically and horizontally continuous in all species assemblages except Species
Assemblage 3 (Allocasuarina woodland) where isolated 2m high shrubs were emergent
from a i m high herb stratum. It would have been more accurate to distinguish between
woody shrubs and herbs but the significance of the potential height of each species
would have been concealed by such a division. The impact of fires of varying intensities
is related to flame height and residence time of flames at any particular point in the
community. Both flame height and residence time are directly related to the fuel
characteristics of size, continuity and height (Luke & McArthur 1978; Cheney 1981).
Thus the height of plants in any stratum is equally as important in this context as thenwoody or herbaceous characteristics.
2.3.

The proportions of species demonstrating each survival strateev within each

species assemblage.
The variations between species assemblages could have been masked by considering the
data at the community level. The contribution that each survival strategy made towards
maintenance of the prefire species assemblages was considered by looking at the data in
its species assemblage sets. The number of species demonstrating each survival strategy
was expressed as a percentage of each species assemblage set of data.
The number of species gained by an species assemblage after the fire together with the
mode of arrival of each (seed germination or resprouting from previously unobserved
parts) was noted. The information was used to assess the relative importance of each
survival strategy to the maintenance of each prefire species assemblage.
2.4. The abundance of species demonstrating each survival strategy.
The abundance of a particular species in the community was pertinent to its contribution
to community structure and physiognomy. A high proportion of species demonstrating a
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particular survival strategy may have been of little consequence if those species had
occurred in low relative abundance in the community.
To determine the importance to the community of each survival strategy it was necessary
to examine the relative abundance of species demonstrating particular survival strategies.
The species assemblage data sets were used as the basis for this investigation.
Differences between species assemblages could have had a confounding influence on the
results if the community data set had been used.
Trabaud and Lepart (1981) used grouped frequency values to identify rare and common
species ("low frequency taxa" and "high frequency taxa"). This method was also used
in the Muogamarra study. Frequency of occurrence in quadrats of species were ranked:
<25%
26 - 50%
5 1 -7 5 %
76 - 100%
The number of species demonstrating the various survival strategies was tabulated
against their frequency ranks. As species frequencies varied over the time since the fire
the maximum frequency recorded for them in the post-fire period was taken. In the
majority of cases the maximum frequency occurred at 4 or 8.5 years after the fire.
Frequency values had decreased by 13 years after fire.
The number of species in each survival strategy subset, for two frequency ranks:
<25% (rare taxa)
>25% (common taxa)
was then expressed as a percentage of the total species in each species assemblage.
3. RESULTS
3. 1.

T he relative proportion o f species demonstrating each survival strategy within the

com m unity.

There was little difference between the proportions of fire sensitive species and
resprouter species within the community (Table 7). Fifty-six percent of species
depended on, or utilized seed germination for survival whereas 44% of the species
survived the fire by resprouting. There were no fire ephemerals in this community. Of
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the resprouters, 35% were Obligate Vegetative Sprouters after this fire i.e. these species
exhibited no seed germination after the fire. The species in these categories are listed in
Appendix 6.

TABLE 7 .
Percentage of total community species displaying each survival strategy.
Survival
Strategy

Obligate
Fire
Obligate Facultative
Ephemerals Seeders Seeder-sprouters Vegetative
Sprouters

% of species
in Total
Community

0%

42%

14%

35%

Autoregenerative
Long-lived
Sprouters

9%

Only 14% of the total species composition performed as Facultative Seeder-Sprouters.
None of the individuals in this group demonstrated evidence of repeated fire survival and
all had reached seed maturity by 13 years after the fire. A few individuals of each of
these species survived mild scorch damage but more commonly they returned to the
post-fire community via germinating seed. Nine percent of the total species composition
were Auto-regenerative Long-lived Sprouters. These species demonstrated repeated fire
survival by resprouting from lignotubers and epicormic buds. In addition, isolated seed
germinations were recorded for these species. Forty-two percent of species depended
totally on seed germination for survival after the fire.

3.2.

The proportion of species demonstrating each survival strategy within each

stratum in the community.
When the structural units o f the community were considered it was evident that the
number of species in the ground level-lm category greatly exceeded the number of
species in any other structural category. The classification of species according to
structural units of the community is included in Appendix 6.
The numbers of species in each structural category are shown on Table 8. Included in
the "tree category" in Table 8 ,9 and 10 are four tree species which were common in the
experimental catchment but did not occur within the sample quadrats.
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TABLE 8.
The number o f species demonstrating each survival strategy classified by structural
units.

Structural
Unit

Trees

Obligate Facultative
Seeders SeederSprouters

Autoregenerative
Long-lived
Sprouters

Total
Species

9

9

1

3

9

6

4

2

37

9

33

-

57

-

-

Tall shrubs
>2m high

5

-

Shrubs
<2m high

25
15

Low shrubs
and herbs
0 -lm h ig h

Obligate
Vegetative
Sprouters

-

The ground level to 2m stratum accounted for 83% of the species richness of the
community. The tree and tall shrub strata together contribute only 17% of the species
(Table 9).
TABLE 9.
The percentage of species in the total community demonstrating each survival strategy
expressed as a percentage of the total community.
Structural
Unit

Trees

Obligate
Seeders

Facultative
SeederSprouters

Autoregenerative Total
Obligate
%
Vegetative Long-lived
Sprouters Sprouters
8

8

1

3

9

5

4

2

33

8

29

-

50

-

-

Tall shrubs
>2m high

5

-

Shrubs
<2m high

22

Low shrubs
and herbs
0 -lm high

13

-

The importance of the lower structural units of the community is shown in Tables 7, 8
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and 9. In this community it was the two lower strata which were most severely altered
by the experimental fire.
Table 10 shows that all species in the tree stratum were Auto-regenerating Long-lived
Sprouters. The tree stratum experienced temporary damage as a result of the fire.
Severe scorch occurred on the upper benches in the catchment and localized scorch
occurred on the lower slopes where the gap between the tree canopy and shrub canopy
was greater. All of the mature trees quickly regained crown foliage via epicormic shoots
whilst younger individuals commonly sprouted from lignotubers.
TABLE 10.
The percentage of species in each survival category classified by structural units.
Obligate
Seeders

Facultative
SeederSprouters

Obligate
Vegetative
Sprouters

100

100

11

33

100

16

11

5

100

16

58

Trees
Tall shrubs
>2m high

-

-

-

56

-

Shrubs
<2m high

68
26

Low shrubs
and herbs
0 -lm h ig h

Autoregenerative Total
Long-lived
%
Sprouters

100

Five of the tall shrub species (56% of species in that stratum) were killed by the fire
whilst four demonstrated the capacity to survive the fire by sprouting. The significance
of the five Obligate Seeders in this stratum will be expanded in Chapter 6. where it will
be shown that the recovery strategy adopted by these species together with their large
size relative to other members of the community, meant that they had the potential to alter
the structure and species composition of the species assemblages.
The vulnerability of the lower strata can be seen when the survival strategies of their
component species are examined. Sixty-eight percent of species in the lm -2m shrub
stratum were Obligate Seeders and 16% were Facultative Seeder Sprouters. This meant
that 84% of species in this stratum were potentially disadvantaged by being killed by the
fire in all but the most protected niches in the catchment. These species relied on seed
germination for long term survival of the species. The species in the ground level-lm
stratum were somewhat less vulnerable to damage in successive fires. Fifty-eight
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percent o f species in this stratum were Obligate Vegetative Sprouters.

They

demonstrated no seed germination after the fire but resprouted from underground stems
and rootstocks. The remaining 42% of species were killed by the fire but survived in the
post-fire community as a result of seed germinations.
Of the total species composition of the community 35% (Table 9) were species which
occupied the lower (ground level to two metre) strata and which depended on seed
germination to survive after the fire.
3.3.

The proportion of species which demonstrated each survival strategy within each

species assemblage.
The proportions o f species demonstrating each survival strategy in each species
assemblage are similar to those shown for the community as a whole (Table 11). The
number of species within each species assemblage which demonstrated the different
survival strategies is shown in Appendix 7.
TABLE 11.
The number of species which survived using different survival strategies expressed as
percentage of the total species in each post-fire species assemblage. For definition of
abbreviations see Section 2, Chapter 5.

Species Assemblage
1

2

3

4

5

6

7

o.s.

31

31

45

36

4

46

40

F.S.S.

14

14

18

20

17

17

17

o.v.s.

50

45

26

32

36

30

35

A.L.S.

5

10

11

12

7

7

8

100

100

100

100

100

100

100

Total

The importance of resprouting is seen when the species which were recorded as apparent
gains in each species assemblage are examined for their mode of arrival. In each species
assemblage, excepting Species Assemblage 3 (Allocasuarina woodland) the majority of
apparent gains were derived from resprouting of plants present but unobserved prior to
the fire (Table 12).
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TABLE 12.
The mode of arrival of species apparently gained by species assemblages after the fire.
Species Assemblage
Mode of
Species
Gain

1

2

3

4

5

Seed germination

1

2

7

-

Sprouting

9

7

3

-

6

7

-

1

5

-

8

12

When the species in each species assemblage were considered in subsets of survival
strategies the Autoregenerative Long-lived Sprouters were found to be the least abundant
(Table 13). Most of these species, however, are tree species which constitute the upper
tree canopy of the community and appear visually to dominate the community.
The Obligate Vegetative Sprouters, on the other hand, were found to be present in
greater abundance in every species assemblage (Table 13). These species occupied the
lowest stratum in the understorey strata in each species assemblage, most were herbs.
Of those species recovering by seed germinations (Obligate Seeders and Facultative
Seeder - Species) the Obligate Seeders (Table 13) were the most abundant. In each
species assemblage, excepting Species Assemblage 3 (Allocasuarina woodland), more
than 15% of the species composition was represented by Obligate Seeders with a
frequency occurrence of greater than 25%.
Only 2 species in the seed germinating groups were herbs, of the remaining species 22
were low shrubs, 31 were shrubs between 1 metre and 2 metres high and 5 were taller
shrubs which were greater than 2 metres high. The frequency data indicate that the
Obligate Seeder Species together with the Facultative Seeder Sprouters are sufficiently
abundant to make a considerable contribution to the physiognomy of all of the species
assemblages studied at Muogamarra (Appendix 8). It is these species which constitute
the majority of the upper levels of the understorey and a larger proportion of the shrub
content of the lower levels of the understorey.

90

TABLE 13.
Percentage of species of each recovery strategy that were rare (<25% frequency) or
com m on (>25% frequency) com pared for each assem blage. For definition of
abbreviations see Section 2, Chapter 5.
Species

Common (>25%)

Rare (<25%)
ALS

OVS

OS

FSS

ALS

OVS

OS

FSS

1

3

38

18

8

3

10

15

5

2

8

25

12

2

2

23

15

13

3

3

13

30

11

5

16

11

11

4

6

14

17

12

4

18

21

8

5

3

19

24

2

4

17

16

10

6

4

20

23

4

4

9

23

13

7

3

14

18

2

5

20

21

17

Assemblage

5. DISCUSSION
The fire did not represent a disturbance which permanently removed the prefire
community, nor did it initiate a successional process. The resilience of the community
can be explained by the pre-fire species possession of survival strategies which permitted
them to occupy the community after the experimental fire.
This study identifies four strategies for survival after a fire for the species in the
Muogamarra plant community. Two of these, Autoregenerative Long-lived Sprouting
and Obligate Vegetative Sprouting, are likely to ensure that a species gains membership
in the post-fire community regardless of alteration of fire frequency. The potential for a
breakdown of the community's resilience, in fact, is likely to be located in the survival
strategies themselves. The overwhelming dependence on seed germination for survival
by a large proportion of species in the community and the almost total dependence on
this strategy by the mid-understorey stratum appears to have left these species at potential
risk o f local extinction. This risk is popularly believed to arise not from any single fire
of particular intensity or timing but from a sequence of fires of intensities high enough to
remove adults of Obligate Seeder species and at frequencies high enough to deplete seed
reserves (Bell et al. 1984; Bradstock & Myerscough 1981). To ensure continuing
membership of the post-fire community for species which rely on the strategies of
Obligate Seeding and Facultative Seeder-Sprouting, some successive inter-fire periods
need to exceed the time each species takes to produce viable seed i.e. four-eight years
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(Benson 1985). It will be shown in Chapter 6 that the risks which these seed-dependent
species are said to take may be real, but are not quite as great as has been popularly
believed.
Regrettably, little was known of the past fire regime which had created this particular
community. Most of the community was eight years old at the time of the experimental
fire. Earlier fire frequencies were unknown. It had to be presumed that, as 42% of the
species composition relied on seed germination for post-fire survival, the preceding
frequency component of the fire regime must have permitted maintenance of a seed
reserve.
This experiment has demonstrated that "sprouter" and "seeder" survival strategies are
equally important means by which this community and its species assemblages resisted
change after fire. The proportions of 56% "seeders" versus 44% "sprouters" in the
M uogamarra community varied from proportions observed in Australia by other
researchers. This variation could be an inherent factor of the species in the different
ecosystems or it could equally be a factor determined by past fire regimes.
The important findings of this part of the experiment concern the differences between the
potential resilience of the different structural units in the community. These findings
relate specifically to the Muogamarra community.

Of more general application,

however, is the mechanism of fire-induced community change which the data suggest.
The fire had no lasting effect on the tree stratum of the community. As all member
species of this stratum were Autoregenerative Long-lived Sprouters changes in fire
frequency are likely to have had little long-term impact. Individual trees remained in situ
after the fire and demonstrated little capacity to alter their distributions through
recruitment into this post-fire community.
The experimental fire created little alteration of the species composition in the
understorey strata; however, fire appears to have the potential to alter all parts of these
strata. Both seeder and sprouter survival strategies were utilized by member species of
these strata but were of varying importance depending on the stratum. The lowest
stratum (ground level-lm high) had the greatest capacity to resist change. Half of its
member species survived in situ by sprouting after the fire. Any change in fire
frequency which depleted the seed reserves of the community and killed the seed
producing plants would threaten 42% of the species of this stratum with local extinction.
The middle stratum of the understorey (lm -2m ) was horizontally and vertically
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continuous with the lower stratum (ground level-lm ). It is the middle stratum which is
most vulnerable to alterations of fire regime. Eighty-four percent of the species in this
stratum would potentially be threatened if a changed fire regime exhausted seed
resources.
This chapter has shown that the species richness of this particular Hawkesbury
Sandstone community may be dramatically reduced by increasing fire frequency. If
sequential inter-fire periods are shorter than the life-cycles of the seeder species (i.e.
84% of the middle understorey stratum and 42% of the lower understorey stratum) many
of these species may be lost. If this happened the separation between the tree canopy
and understorey canopy would become more distinct. The community would be
dominated by Sprouter species which, in the understorey, are predominantly herbs and
ferns. Such a removal of shrub species in this vegetation type has been observed to be
the consequence of regular frequent burning in East coast National Parks. The problem
of frequency of ignition sources associated with high visitor usage is managed by regular
low intensity fuel reduction burning. Elsewhere, a similar structural change has been
predicted (Pyne 1982; Schiff 1962; Christensen 1985; Keeley 1986; Bond 1984) and
observed (Zedler et al. 1983; Lloyd 1968). No research was found in the literature
which quantified the process.
Both sprouter and seeder survival strategies were used by species which were common
in each species assemblage. Both strategies were therefore important not only to the
m aintenance of pre-fire species compositions but also to the appearance of the
community.
The absence of Fire Ephemerals in this community explains one discrepancy which has
been shown between this study and others. No successive entry or departure of species
groups was observed in this study (Chapter 4) whereas the studies of Specht et al.
(1958), Floyd (1966), Bock et al. (1976), Purdie & Slatyer (1976), Baird (1977), Bell
& Koch (1980), Trabaud & Lepart (1981), and Bell et a l (1984) observed an early
colonization by resprouters and fire ephemerals and a later reduction in species richness
as the fire ephemerals died out.

The early peak in species richness for most species

assemblages (Chapter 4) was caused by temporary increases in the density of both
Seeder and Sprouter species. The Muogamarra plant community possessed no endemic
Fire Ephemeral species and exhibited no past or present invasion by exotic Fire
Ephemeral species. It is likely, however, that where exotic invasion has occurred,
Hawkesbury Sandstone plant communities will undergo species compositional changes
of the type described elsewhere after a fire. The mobile, perhaps "migrant", species of
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early seres were totally absent in the Muogamarra community. In fact, it will be shown
in Chapter 6 that limited mobility was a characteristic of the majority of species in this
community.

This factor may retard rehabilitation of a community which has been

depleted of species as a result of too frequent fires.
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C H A PTER 6
THE MOBILITY OF SPECIES
1. INTRODUCTION
Fire-induced change in plant communities has traditionally been associated with the
process of secondary succession as discussed in Chapter 4. Fire had been assumed to
initiate a secondary succession by rendering the soil suitable for colonization by mobile
species. Recent empirical evidence, however, indicates that the propagules of the post
fire community are present in the pre-fire environment in Australian ecosystem and that
initial occupation of the burnt site does not commonly occur as a result of long-distance
seed dispersal (Floyd 1966; Purdie 1977b; Whelan 1986). The traditional "migration"
phase of recovery appears to be absent in the fire-prone environment.
There is considerable strength of argument in the literature which indicates that fire-prone
communities are characterized by a marked resistance to change (Naveh 1967; Purdie &
Slatyer 1976; Whelan & Main 1979; Trabaud & Lepart 1981). A reluctance to depart
totally from the classical succession model is indicated by use of the terms
"autosuccession" (Hanes 1971) and "pyric disclimax" (Hopkins & Robinson 1981).
Even the often cited "Initial Floristic Composition" model of Egler (1954) and the
suggestion that this alternative model can be truncated by fire (Connell & Slatyer 1977)
are based on acceptance of the classical sequential model of succession as the normal and
the post-fire recovery process as a deviation from the normal.
Naveh (1967) suggested that the fire-prone community's resistance to change has
developed as a direct result of long-term changes in burning frequencies and grazing
pressure. That is, that the classical succession development from grassland to forest has
been truncated by the removal of those species which would occupy the later stages of
succession. These species were not able to survive a regime of high fire frequency and
selective grazing. It is further argued by Naveh (1967) that, as a result of the removal of
sensitive species, spaces are developed in the community which represent new habitats
for pioneering species.

Long-distance dispersal and opportunistic increase in

abundances would be needed to permit these species to invade new habitats in the
fire-prone environment.
In an environment where germination is determined by seasonal differences in climate,
those plants which are first to germinate and emerge are said to have had the best chance
to occupy the vegetation stand.

Naveh (1967) claims that the annual species of
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M editerranean origin have sufficient mobility to invade and occupy the fire-created
spaces in the community. These species have been observed to occupy the initial
post-fire community in plant communities in Australia which have a long history of
disturbance by agencies other than fire (Floyd 1966, Purdie & Slayter 1976). The
Muogamarra community lacked this type of disturbance and consequently these exotic
species. Research on this topic is generally confounded by the exotic species to which
Naveh refers. The Muogamarra community provided an opportunity to examine the
mechanisms for change which operate in the absence of the invasive exotic species.
In Chapter 5 one mechanism o f potential fire-induced change was described, i.e. the
likely reduction in species diversity and structural complexity by increased fire
frequency. In the absence of the 'old world' annuals or other migratory species, is there
any potential mechanism for a positive fire-induced change in this environment?
Changes in species dominance after a fire were noted by Davis et al. (1977) and Purdie
(1977a,b). Davis et al. (1977) attributed these to insolation, wind exposure, fire
intensity and the length of inter-fire period. Purdie (1977a,b) suggested that the
combined effect of season of bum and post-fire environmental conditions selectively
promoted or inhibited the regeneration of different species. Purdie observed that all
seedlings were derived from residual seeds left in the soil and ash. Posamentier et al.
(1981) claimed that heath species had expanded their distributions as a consequence of a
high intensity fire.
Potential new habitats were opened up by the experimental fire at Muogamarra. It was
shown in Chapter 5 that half of the species in the prebum community returned through
seed germination to occupy these open spaces while the remaining half maintained their
form er occupancy of the stand by resprouting. Few new species were recorded in
species assemblages after the fire and few were lost. This could suggest that the species
in this community demonstrated little mobility and perhaps little ability to take advantage
of any new spaces except those which they had occupied before the fire. Perhaps then,
there was little opportunity for fire induced change within this plant community apart
from the "negative" change i.e. reduction in diversity which could arise from increasing
fire frequency.
It has been suggested that the Obligate Seeder species take advantage of the open space
created by the fire and their occupancy o f the stand depends on germination in the
immediate post-fire period (Bradstock & Myerscough 1981;

Bradstock 1977;

Gill

1975,1981; Zammit 1986.) This is a very important suggestion because it implies that
the initial flush o f post-fire germination together with post-fire climatic conditions
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determine not only the immediate post-fire community but also successive generations of
post-fire communities (Bond 1984, Frost 1984).
It is the purpose of this chapter to examine evidence for any other possible changes
which could be induced by a fire. The chapter is focussed on the mobility of the species
because changes can only occur if the species are mobile enough to increase their
density, alter their distributions and/or enter the vegetation stand after the stand has
established. If mobility was found to be a characteristic of these species at what stage in
recovery were the species recruited into an association? If the species were making a late
entry, were they species which had taken part in the immediate post-fire establishment of
the stand or were they species which were characterised by delayed entry?

2. METHODS
Three aspects of the mobility of plant species within the community were investigated:
changes in abundance, changes in distribution, the stage in community development at
which a species entered the stand. These are discussed in the following sections.
Frequency data formed the basis of all of these investigations. For example, a species
with a frequency of 4% indicates that the species was located in one out of a possible
twenty-five quadrats in a sample grid.
Abundance or density measurements may have given more precise information
concerning the dynamics of a particular species within the community. However, the
collection of field data required for these parameters was considered too time consuming
for the likely return in terms of understanding the community as a whole. In addition,
non-destructive collection of abundance and density data would have been difficult
because distinction between individuals was unclear for many of the species. The
methods used in this section were chosen primarily because they would provide
information about community trends which could be used by later researchers to select
more time-efficient studies at the population level of study.
2.1. Changes in abundance.
Species frequency data were used to detect the abundance of particular species within
each species assemblage. The differences in the frequency of occurrence of species
between times of sampling were calculated. Because a species had to be rooted in a
quadrat to be counted, an increase in frequency was interpreted as an increase in
abundance and a decrease in frequency was interpreted as a decrease in abundance.
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The pre-fire and 8.5 year post-fire periods were chosen for comparison. The last
inter-fire period before the experimental fire was assumed to be eight years long
(Chapters 2 & 5). The pre-fire data therefore described a vegetation community in its
eighth year of recovery.
Those species which had altered their frequency between the pre-fire and 8.5 year
periods were listed and the change was interpreted as a fire-induced change, although
comparable unbumt control plots would have been desirable. Species Assemblages 4
and 5 could not be considered as pre-fire data were not available.
The frequency variations between the 8.5 year and the 13 year post fire periods were
then noted for these species. An increase in frequency during this period was considered
to be evidence of continuing mobility. A decrease was considered likely to have resulted
from any of several causes e.g. density dependent thinning, grazing, death through
disease or old age.
2.2. The changes in distributions.
The changes in local distributions of species were indicated diagrammatically on species
location grids. Species in Species Assemblage 6 were used to illustrate this change.
Species were selected which had a greater than 20% frequency both before the fire and
after the fire. Their location in the sample grid before the fire and at 6 months after the
fire were compared.
The 6 month post-fire period was chosen for comparison as it represented the peak of
seed germination activity (see Chapter 5 ). The presence of a species at this time was
interpreted as a potential for change in the distribution of that species. To have taken a
later post-fire period would have meant that species had been subjected to the post-fire
summer weather conditions which in some years may favour establishment while in
other years may be too severe for establishment (Bradstock & Myerscough 1981). The
post-fire weather conditions will undoubtably be a selective force which determines the
successful establishment of seedlings. However, in this particular climate the severity of
these conditions cannot be predicted.

The potential for a species’ occupancy of a space

was chosen for consideration.
2.3. The stage in community development at which a species entered the association.
Entry to the association can originate from seed germination or lateral vegetative growth.
Revival of aerial growth from living subterranean rooting systems would also have been
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counted as entry to the association. To facilitate comparison between species in this
investigation an Index of Germination and an Index of Sprouting were devised.

Ig(germination) =

number of quadrats in which each species germinated,
summed for all species in the species assemblage.

Is(sprouting) =

num ber of quadrats in which each species resprouted,
summed for all species in the species assemblage.

e.g. if species A, B, and C germinated in Species Assemblage 8-quadrat 1 and species A
and C germinated in quadrat 2 the Ig would equal 5. At any period then, either index
may exceed the number of quadrats in the grid and a species which occurs in two
quadrats would be counted twice.
The index recorded for each post-fire period represents the net seed germination or
sprouting activity of the previous inter-sampling period. The variation in the length of
inter-sampling periods had to be considered when the index values for different post-fire
periods were compared. Some seed which germinated but failed to establish may have
disappeared from the quadrats by later sampling periods whereas species in this category
would have been recorded in consecutive post-fire periods one month apart. The data
from the later sampling periods includes only established plants whereas declines in
species frequencies between the 6 month and later post-fire periods indicated that the
earliest post-fire data includes species which germinated but failed to establish.
A histogram illustrating these indices for each species assemblage was drawn for each
post fire period. Data were not available for the 12 month and 4 year post-fire periods
for Species Assemblages 1,2,3,4,7 and 1,2,4 respectively. Histograms of the species
assemblages for which data were available for these periods give an indication of a
possible trend in seed germination and sprouting activity.

They were therefore

considered important and are included for this reason. Late germinations were examined
for evidence of establishment. The number of species which produced seedlings at 4
years and 8.5 years but failed to be recorded at 8.5 years and 13 years respectively was
counted. Failure to establish was recorded as a negative Index of Germination.
The difference between the Index of Germination at a sampling period and the negative
Index of Germination for that period was termed the Index of Establishment, Ie. These
indices were used to determine whether a species needed to to take advantage of the
immediate post-fire conditions to achieve occupancy of an association or whether
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opportunities were present throughout association development for new occupancy.

3.

RESULTS

3.1. Changes in abundance.
More than 80% of the species in each species assemblage experienced a fire-induced
change in frequency (Fig. 12).

Many of these changes were m inor in terms of

community change. For many species which had occurred in one or two quadrats out of
a possible 25 quadrats expanded their distribution after the fire to three or four quadrats
or reduced distribution by one or two quadrats. Most of these species were small herbs
or shrubs and such a change in distribution made little visual impact on the community.
The changes involved both reduction in distribution and expansion of distribution. The
tables in A ppendix 10 list both the species in each species assemblage which
demonstrated fire-induced changes in frequency and their modes of recovery.
In each species assemblage, however, there were some species whose frequencies
changed more dramatically. The number of species whose frequency changes were large
was greatest in those species assemblages where fire intensity was highest. In Species
Assemblage 1, for example, where the fire intensity was lowest (see Chapter 3), seven
species out of 65 demonstrated a marked change in frequency ( Appendix 10, Table 2).
In Species Assemblage 6 where the fire intensity was considerably higher, 18 species
demonstrated a marked change in frequency (Appendix 10, Table 3). In Species
Assemblage 7 where fire intensity was highest 57 species out of 60 changed their
frequency (Appendix 10, Table 4). In all species assemblages the larger changes were
predominantly caused by seed germinations (Appendix 9).
Particular species, because of the size of individual mature plants, had the capacity to
change the structure of the species assemblage through increase or decrease in
distribution. These were AUocasuarina littoralis, Leptospermum attenuatum and Banksia
ericifolia. All were tall shrubs of the upper understorey stratum. AUocasuarina littoralis
and Banksia ericifolia were Obligate Seeders. Leptospermum attenuatum was classified
as a Facultative Seeder-sprouter because it resprouted abundantly from underground
regenerative tissues, and was recorded as a seedling in some quadrats.
AUocasuarina littoralis occurred in all but the ridgetop species assemblage (Species
Assemblage 1). In three of these the increase in frequency of AUocasuarina littoralis
ranged between 27% increase to a 44% increase. The impact of the fire-induced
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Figure 12. The proportion of species in each species assemblage which demonstrated a
fire-induced change in frequency of occurrence. The open histogram represents an
increase in frequency. The stippled histogram represents a decrease in frequency.
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increase in frequency of this species was enormous in Species Assemblage 3. This
resulted, at the 8.5 year post fire period of at least one Allocasuarina littoralis shrub
every square metre. In fact several individuals were located in most quadrats. At 8.5
years after the fire all appeared to be thriving at 2-3m high. In Species Assemblage 6
only one Allocasuarina littoralis occupied each of 21 of the 25 quadrats and at 8.5 years
after the fire, all were less than half a metre high.
Leptospermum attenuatum occurred in all but Species Assemblage 1 on the lowest
slopes of the catchment. Increases ranged from a 12% increase in frequency to a 36%
increase in frequency. Neither of these species had achieved their potential adult height
at 8.5 years after the fire. The 13 year post-fire data indicated that both Allocasuarina
littoralis and Leptospermum attenuatum may proceed through a "thinning” phase as
their size increases.
The third species which had the potential, due to its size and mobility, to cause a
dramatic alteration of the structure and possibly the composition of the community was
Banksia ericifolia. This species, like Allocasuarina littoralis, was an Obligate Seeder.
Its occupancy of the plant community was characterised by horizontally continuous,
dense, even-aged stands. In Species Assemblage 7, pre-fire frequencies of 64% had
re-established by 6 months after the fire. By 8.5 years the frequency had increased to
72% and was between 0.5m and lm high. By 13 years after the fire it had again
declined to 64% and had grown to exceed 2.5m in height. This meant that at 8.5 years
after the fire there was a least one Banksia ericifolia shrub in 18 out of a possible 25
quadrats. In fact, there was often more than one individual in each of these quadrats and
the combined effect of these plants was a thicket of comparable density to that of the
Allocasuarina littoralis thicket in Species Assemblage 3. The density of tall shrubs in
both these 8.5 year old stands was so great that the lm high 20cm diameter marking
poles for the plots were extremely difficult to locate. Although frequency values for this
species were unchanged by the fire the structural characteristic of the dense thicket had
not been present in the 7 or 8 year-old stand at the time of the fire. Clearly something
had caused the B. ericifolia to grow more rapidly in the experimental post-fire period
than during the equivalent 8 years since the previous fire.
Species Assemblage 5 showed a similar structural change after the fire for Banksia
ericifolia which occurred with an 88% frequency at 13 years post fire. Before the fire
Angophora hispida had dominated this species assemblage.
In Species Assemblage 1, Petrophile pulchella, another potentially tall Obligate Seeder
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shrub, was a dominant species. Its frequency pre-fire was recorded as 64%. By 8.5
years after the fire it had declined to 32% and by 13 years was 20%. Its seeds,
however, were well distributed across the plot immediately after the fire and were still
visible 4 years after burning. The post-fire conditions had obviously not been as
favourable for this species as they had for B. ericifolia.
3.2.

Changes in distribution.

The species location grids (Fig. 13) illustrate that the fire created small-scale, local,
distributional changes for many species. All of the species illustrated appeared to be
able to germinate in the quadrat in which a mature individual had occurred prior to the
fire. This does not necessarily imply that the species germinated beneath a mature
canopy. Quadrat size was not equivalent to canopy size in all cases and the mature
canopy had been removed by the fire prior to germination. There is no indication that the
germinated seeds originated exclusively from the plants burnt by this fire. It is possible
that soil stored seed had also germinated after the fire. Seed may have been buried for
several interfire periods. Of the species illustrated, only Allocasuarina littoralis and
Leptospermum atténuation could be regarded as having all seed stored on the parent
plant.
Figure 12 indicates that the serotinous species B. ericifolia and B. oblongifolia were
both capable of germinating and establishing in quadrats which were occupied before the
fire by mature individuals of the same species. In both these species the quadrat size
was equivalent to the previous mature canopy and in the case of B. oblongifolia, a
Sprouter-species, seeds were germinating beneath the recovering canopy.

3.3.

The stage in community development at which a species can enter the stand.

3.3.1. Sprouters.
By one month after the fire some species had already begun to resprout. The species
which had resprouted in this period are listed in Appendix 11. There was more
sprouting activity in the species assemblages which had been subjected to a high fire
intensity on the upper catchment benches than there was in the species assemblages
which had been subjected to a lower fire intensity on the lower catchment slopes
(Fig. 14).
One month after burning the community consisted of resprouted herbs and the scorched
trees canopy.

There were a few shrubs, mainly from the lowest stratum of the

understorey, which had begun to recover and many of the auto-regenerative long-lived
sprouters in the tree canopy had begun to resprout. More species had begun to sprout in
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the second month after burning. Little data were available for the 6 month - 4 year
post-fire community and it was difficult to draw generalized trends from the data which
were available. Species continued to enter the stand by sprouting throughout the 13 year
post-fire development. The 1 year and 4 year data were collected in the Autumn - Winter
months when some species demonstrated reduced growth rates. No literature was found
which indicated seasonal growing periods for these species.
During Spring 8.5 years after the fire when most species assemblages showed
accelerated sprouting activity, Species Assemblage 3 (AUocasuarina woodland) had a
reduced sprouting activity. By this time, the AUocasuarina littoralis thicket was well
established and little light penetrated to ground level. The number of new "sprouter"
species appearing in any of the species assemblages began to decline between 6 months 4 years after the fire. Between 8.5 years and 13 years after the fire sprouting activity had
declined substantially.
3.3.2. Seed germination.
Seed germination began after the initiation of sprouting in the second month after the fire
in all species assemblages (Fig. 14). Little seed germination was recorded before this
time except in Species Assemblage 1, where the fire was at its lowest intensity,
Astrotrichafloccosa, AUocasuarina littoralis and Stylidium gramminifolium had begun
to germinate.
By the second month, seed germination had commenced in all species assemblages.
Germination had thus begun in late Autumn - early W inter in this plant community.
Germination activity was at a maximum in the second half of the first year after the fire.
In all species assemblages, except Species Assemblage 1, germination activity not only
exceeded sprouting activity at that time but also exceeded sprouting activity at all
sampling periods after the fire.
The major period of seed germination occupied the first Winter - Spring months after the
fire. When the short intersampling period was taken into account the significance of this
result can be appreciated. The data available indicate that germination continued to
fluctuate over the following 12.5 years post-fire. The 8.5 year post-fire Index of
G erm ination value Ig indicates that there was at least one more pulse of seed
germinations between 4 - 8.5 years after the fire. The 8.5 year data were collected in the
Spring months and numerous newly germinated seedlings were observed. Between 8.5
and 13 years after the fire, germination activity had declined but seeds were germinating
in the 13 year-old community.
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The species which were germinating in the 8.5 - 13 year period are listed in Appendix
12. Species using all recovery strategies (except Obligate Vegetative Sprouting) were
germinating seed in this period.

These species represent 73% of all Facultative

Seeder-sprouters, 55% o f all Obligate Seeders and 20% of the Autoregenerative
Long-Lived Sprouters.
3.3.3.

Establishment.

A num ber o f the later germinations failed to establish.

However the Index of

Establishment (Ie) value indicates that a large number of the seedlings which germinated
during the 13 year post-fire period managed to establish in the mature stand of vegetation
(Table 14).
TABLE 14.
The Index of Establishment values (Ie) for all species assemblages. The positive Ig
value indicates the amount of germination activity. The negative Ig value represents those
seedlings which failed to establish as indicated by their absence at the following
sampling period, (o) indicates that the necessary data were unavailable.
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4. DISCUSSION
The findings contained in this chapter indicate that many species within the experimental
catchment plant community possessed a high degree of local spatial and temporal
mobility. These features are likely to provide mechanisms for fire-induced changes in
community composition, structure and species density.
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4.1.

Spatial pattern.

The species in this community were found to possess considerable local spatial mobility
during the first twelve months after the fire. The fire created a short-distance shift in the
species distributions. The change was most pronounced in those species which used
seed germination either as their sole method of recovery or as their secondary method of
recovery. Many species which survived the fire by re-sprouting also altered their
distributions after the fire. It is important to note that shifts in species distribution did
not create changes in overall species composition.
In addition to changes in spatial pattern, the fire created density changes for most
species. For many species, these changes were small and temporary. For a few, the fire
provided the stimulus for either a large increase in density and subsequent "thicket"
development through prolific germination and establishment, or a large decline in
density through failure to germinate or establish. A large increase in the density of the
shrub species which occupied the upper understorey stratum was found to have a
significant impact on the local diversity of the community. The germination and
establishment of seedlings and the herbaceous growth of species which proliferated via
adventitious growth occurred only in the earliest periods of "thicket" development. In
contrast, both types of activity continued to occur throughout the 13 year post-fire period
in situations where a"thicket" development had not been created by the fire.
4.2.

Temporal changes.

Temporal "mobility" was found to be a characteristic of many species in this community.
This finding is in conflict with the implication, that certain species do not tend to
establish in a mature post-fire community (Bradstock & Myerscough 1981; Zedler 1981;
Keeley 1986). The species composition of this community did not undergo a linear
successional change despite evidence that late entry of species occurred. Early entry
controlled species dominance within the community but late entry appears to be a
phenomenon of the recovery process which ensured that local extinction of member
species of the community did not occur.
Why was late entry of species to the plant community observed in this study and not in
so many others? The Muogamarra study differed from others in that it spanned a long
enough time for important community changes to be observed. Other studies have been
subject to time constraints which have made necessary either simulation of germination
conditions or comparison of vegetation communities of differing ages. Although the
diachronic approach adopted at Muogamarra may not have permitted easy separation of
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cause and effect, it was not confounded by over-simplification of the system under
examination. Although the 13 year post-fire data discussed in this thesis are sufficient to
advance knowledge on this topic it still only encompasses the earliest stages of recovery.
The continued monitoring of the community will provide more important data which
should show whether a continued replenishment of the existing community leads to
long-term stability of species composition. Alternatively a succession may occur if the
observed replenishment is a temporary phenomenon.
Late entry into the community at Muogamarra could have resulted from delayed seed
dispersal, a phenomenon described by McMaster and Zedler (1981). Alternatively, it
could have resulted from delayed germination, a phenomenon which was described by
Venable and Lawlor (1980) and Westoby (1981) to occur over months rather than years.
4.3.

Delayed seed dispersal.

Delayed seed dispersal was not specifically investigated in this study. Much of the
literature on seed dispersal is derived from population studies in which it has been
desirable to reduce the number of confounding factors in an experiment. Such studies
have tended to conceal the significance of the heterogeneity of the environment and, as a
consequence, the significance of observations of late germination. Individual plants
germinated, matured, set seed and died in the 13 year post-fire period. Thus, it may be
true that most germination occurred within months of release after fire particularly in the
species characterized by serotiny (Bradstock & Myerscough 1981; Zammit 1986) but at
Muogamarra, seed release, germination and establishment was also observed to occur in
the absence of fire.
4.4.

Delayed germination.

Delay in germination until 4-13 years after the fire despite suggested high levels of seed
predation and low levels of innate dormancy found in laboratory tests in the Muogamarra
study. A delay of prolific post-fire germination until sufficient rain has fallen can be
found in the literature of Baird (1977), Purdie (1977b), Bradstock and Myerscough
(1981) and Walker and Green (1979). The phenomenon observed by Baird, Purdie and
Walker & Green occurred in areas with a strong seasonal variation in rainfall. Purdie
(1977b) observed a May to July peak in germmination 3 - 4 months after a fire and high
seedling mortality rates due to water stress, fungal attack and insect grazing in the
Southern Tablelands of New South Wales, Australia. W alker and Green (1979)
observed prolific delayed germination associated with heavy rain twelve months after a
fire in the Western Division of New South Wales. Bradstock and Myerscough (1981)
suggested that weather may control the release of seed from serotinous storage and the
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timing and success of subsequent germination on the East Coast of New South Wales.
They found that "steady" w inter rainfall was associated with germination and
establishm ent whereas interm ittent summer rainfall and high temperatures were
associated with germination and mortality.
Little information is available on the effects of water availability on the germination of
Australian species.

M ott and Groves (1981) cited evidence which indicated that

germination begins in arid areas of Australia only if there is sufficient water to keep the
soil surface moist throughout the germination period. They also cite examples of
inhibition of germination by water-logging. No information could be found in the
literature which evaluated the occurrence of either of these phemonena. Some Australian
species appear to enhance the possibility of successful germination by possession of a
hairy coat or an appendage on the seed which improves the moisture characteristics
surrounding the seed and improves the soil-seed contact (Mott & Groves 1981). The
seed of some Australian species produce a gel when they are wet which similarly
enhances their chances of survival (Carolin 1966).

Species with both these

characteristics were observed in the Muogamarra plant community.
It would have been convenient if the very late delayed germinations which were
observed at Muogamarra could have coincided with the breaking of a prolonged drought
period. As is usually the case, the situation was not that simple. The experimental fire
was lit two months after heavy rainfall which followed a succession of dry years. The
immediate post-fire germination phase of recovery was followed by a consistently wet
summer (Fig. 15). The second year was dry but monthly rainfall, while below the mean,
fell consistently (Fig. 16). Rainfall was above average for the first five years after the
fire (1973-1978). The 8.5 and 13 year delayed germinations occurred during a period of
below average annual rainfall which was punctuated by sporadic, very heavy rainfall
events. The four year post-fire period was not wet enough to inhibit germination
through waterlogging of seed and the 8.5 to 13 year post-fire period had the same type
of intermittent, severely hot, dry periods to which prolific seedling mortality has been
related by Bradstock and Myerscough (1981). Delayed germination could therefore not
be related to water stress at Muogamarra.
The variation in rainfall over the 13 year post-fire period was likely to have contributed
to delayed germination in another way. Seed which was dispersed soon after, and as a
direct result of the fire was still recorded on the soil, rocks and litter 4 years after the fire.
Germination of this seed was observed 4 - 1 3 years after the fire. Delayed germination
of this seed was most likely to have occurred as a result of alteration of the
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micro-environment of the seed. The very heavy rainfall events in the 1978-1986 period
caused a high degree of temporal variation in the geomorphology of the permanent
quadrats. Under the even rainfall regime of the early post-fire period minor surface
drainage patterns altered as litter and growing plants deflected water away from its
pre-fire course.

Under the extreme rainfall events of the late post-fire period

considerable soil erosion occurred despite the protection of the mature plant community.
In the case of Permanent Quadrat 2, a shallow channel developed across one comer of
the quadrat 4 - 8 .5 years after the fire as a result of obstruction to water flow by a fallen
tree upslope. As the community matured, litter layers increased in depth. Marker wires
which were placed at the pre-fire soil surface level had been buried to a depth of 2cm by
soil and litter 7 years after the fire. Buried roots had grown over the wires in many
places. Rock surfaces which had not been favourable germination sites in the immediate
post-fire environment gradually became favourable sites as decaying buried litter and
later, soil, were deposited on top of them. Although Tothill (1969,1977) suggested that
a fire enhances germination by the removal of litter, in the mature community at
Muogamarra it was the deposition of litter which appeared to result in late germination.
Two proteaceous species, Petrophile pulchella and Conospermum longifolia germinated
principally between 4 years and 13 years after the fire in the absence of nearby,
contemporary, mature individuals. Abundant ungerminated seed of both these species
was visible on the soil surface after the fire. The absence of these species in the first 4
years after the fire and their germination in the 4 - 13 year period was interpreted as
chance delayed germination.
The importance of delayed germination through changed environmental conditions
should not be underestim ated in this community.

The Hawkesbury Sandstone

vegetation is characterized by extreme heterogeneity of composition and structure. Fuel
characteristics and fire behaviour were far from homogeneous and the fire intensity was
observed to have had extreme local variation. The "patchiness” of fire behaviour has
been identified by Cheney (1981) and Walker (1981). The "patchiness" phenomenon
could have contributed to another conflicting example of delayed germination which was
observed at Muogamarra but conflicted with previous observations.

Zammit (1986),

from observations which spanned months, found that Banksia ericifolia germinated upon
seed release after a fire whereas B. oblongifolia had a more prolonged germination time.
The findings of the Muogamarra study adds another time dimension to this story. Both
B. ericifolia and B. oblongifolia were found to be recruited into the mature community
at 4, 8.5 and 13 years after the fire. Zammit made the observation that late germination
occurred under natural circumstances but that B. oblongifolia demonstrated this to a
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greater degree.
This chapter provides evidence which supports, but does not define, the role of certain
specific factors which have been associated with fire as causes of post-fire shifts in
species distributions and densities. These are: fire intensity, fire frequency and post-fire
grazing.
4.5.

Fire intensity.

It has been suggested that seed germination is controlled by the degree of heat to which
the seed is exposed during the fire. Christensen and Kimber (1975), Shea et al. (1979),
and Bradstock and Myerscough (1981) provided experimental evidence that more seed
will germinate and apparently establish if the fire intensity was high. Posamentier et al.
(1981) suggested that abnormally high increases in species richness which followed an
intense fire at Nadgee Nature Reserve on the South Coast of New South Wales were a
direct result of this phenomenon. Shea et al. (1979) suggested that nitrogen fixing
species, in particular, will be favoured in this way. The Muogamarra experiment results
contribute evidence supporting this issue. The largest number of species showing large
increases in frequencies occurred where the fire was of highest intensity.

Seed

germination under lower fire intensity conditions, however, began earlier than that under
high fire intensity conditions. Under low fire intensity where the fire had not totally
removed both canopy and litter layers, moisture was retained in the soil and litter
surface. Moisture conditions which favoured germination may have been present in this
area whereas, under higher fire intensity conditions moisture loss would have been
greater, at least until the ground had been covered by the resprouting of species which
were not fire sensitive.
In the Muogamarra experiment, the nitrogen fixing species appeared to be most affected
by fire intensity. Germination of this group was enhanced as a result of high intensity
fire.

Not all individual seedlings of these species established and in all species

assemblages pre-fire species frequencies had been re-established by 8.5 years after the
fire. In addition some nitrogen fixing species germinated in the absence of fire later in
the development of the community. A high intensity fire may not always be beneficial.
Auld (1986) and Christensen and Kimber (1975) note that high intensity fire can also be
detrimental if seed is destroyed by the high temperatures.
4.6.

Fire frequency.

The role of fire frequency in reducing species diversity has already been discussed in
Chapter 5. The results of studies described in Chapter 6 indicate that it is possible that
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the second generation of many species in this community can establish in the inter-fire
period and that maintenance of these species is not entirely dependent upon subsequent
fires. Even species characterized by long-term retention of seeds in fruits in the plant
canopy dispersed seed upon death of the parent plant in the absence of fire and this was
followed by seed germination and establishment. A single fire, regardless of the
duration o f the interfire period, is unlikely to cause local extinction of species in this
community. The seed store would need to be exhausted by repeated germination after
sequential closely timed fires before local extinction would be likely to occur.
4.7.

Grazing.

The influence of grazing on post-fire communities has been discussed by Whelan and
Main (1979), Leigh and Holgate (1979) and Madany and West (1983). These papers
suggest that post-fire grazing reduces densities of particular species. It is possible that
the decline in sprouting activity which was recorded during the 6 month - 4 year post-fire
period could have resulted from intense grazing, i.e. the resprouting activity may have
continued but the evidence may have been eaten. During the 6 month - 4 year stage in
community recovery, the presence of animals in the grids was obvious. Numerous
animal tracks criss-crossed the grids and casual, but not quantitative, observations were
made of part-eaten plants. Species frequencies for seed germinations did not decline
substantially until the 8.5 -1 3 year post-fire period. Changes in the first 4 years after the
fire for this group are slight, whereas some substantial reductions in frequency occurred
for resprouters during the first 4 years after the fire.
4.8.

Allelopathy.

Certain species have been identified which, it is speculated, appear to "resist" invasion
by other species. Miles (1979) speculated that Pteridium aquilinum either contributes an
allelopathic influence on germination and establishment of trees or creates a 'smothering'
effect under which early establishment is prevented. Pteridium esculentum was present
in two of the Muogamarra species assemblages. In both it had a 40% frequency prior to
the fire, an 80% and 56% frequency at 6 months and it had declined to 68% and 16%
respectively at 13 years.

In both species assemblages, seed germination and

establishment appeared to proceed unhindered by the presence of Pteridium esculentum.
In both, a close canopy of shrubs developed over the Pteridium. This does not imply
that the processes did not occur, simply that this did not appear to have a marked impact
on community recovery. It is possible that seed reservoirs had been depleted in the areas
of Pteridium esculentum dominated vegetation that Miles (1979) described. Perhaps this
species does not resist invasion but instead, species do not possess the degree of
long-distance mobility which would be needed for a rapid and widespread invasion to
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take place.
4.9.

Conclusion.

In conclusion the findings within this chapter can be used to make a forceful argument
against the synchronic approach. The high degree of local mobility identified in this
chapter could strongly influence the data collected by synchronic methods. Sampling
methods which involved transects or small discrete samples and which detected "new
species" could easily be superimposed on the sample grids which illustrate Section 3.2.
A sequence of samples randomly generated from data in this study could indicate that
there were directional trends in species composition following the fire. The factors which
mitigate against such an interpretation for this study include the possession of pre-fire
data which demonstrated local pre-fire variation, the monitoring of local variations in the
behaviour of the experimental fire and the length of the experiment itself.
It was also shown in this chapter that a fire, and the subsequent climate, have the
potential to alter local species compostion and density. The assumptions which are
im plicit in synchronic studies about similarities in fire history or initial species
composition cannot therefore, be made with any degree of confidence.
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C H A PT ER 7
CONCLUDING DISCUSSION
The principal aim of the study described in this thesis was to increase our understanding
of the response of the Hawkesbury Sandstone vegetation-type to disturbance by fire. In
defining the recovery mechanisms of this vegetation-type after a single fire, the study has
yielded information which has a much broader application, i.e. i) predicting the likely
response of this plant community to changes in the fire regime and ii) predicting the
likely response of this plant community to other agents of disturbance. Furthermore it
raises questions about the extent of artifacts, due to sampling techniques, in other
studies.
At the beginning of the study, few models of post-disturbance recovery were available in
the published literature. Most were modifications of the classical climax community
classification model of succession. The Muogamarra experiment was initiated to test this
classical model and the experiment's design was constrained by this aim, and also by the
lim ited information available in 1972. During the last 15 years, understanding of
post-fire recovery processes has increased. Various short term studies have provided
em pirical evidence which suggests that post-fire recovery in fire-prone plant
communities does not fit the classical succession model. As a consequence of the
original experimental design, this thesis does not dwell on models which have been
superseded but focusses on one particular plant comm unity and provides a
comprehensive analysis of its post-fire recovery. Due to the diachronic approach and
the unusually long period of study, this thesis makes a significant contribution to current
knowledge on the topic. It extends direct field observation into that time frame in which
other studies on Australian ecosystems have had to be speculative and it indicates that
speculations based on short-term, detailed experimental studies have often been
incorrect.
Discussions of specific results have concluded each of the preceding chapters. Each
discussion relates the results derived from the Muogamarra experiment to the relevant
literature. The aim of this concluding chapter is not to repeat these specific discussions,
but to integrate them and to place them into perspective in relation to their contribution to
knowledge about the recovery capacity of the Hawkesbury Sandstone vegetation-type. I
also outline the limitations of the Muogamarra experiment and point to ecological
questions revealed by the study but which have yet to be answered.
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1. Predictive value.
The Muogamarra experiment was a single manipulation of a plant community by fire.
Despite the initial attempt to subject the understorey-types within that community to a
uniform experimental fire treatment, it was found that each understorey type experienced
a different set of fire behaviour characteristics. I suggest that this would have been a
natural consequence of many of the previous fires by which this community has been
disturbed.
Variations in fire behaviour were caused by the heterogeneity of the physical and
biological components of the environment, i.e. variations in the juxtaposition of
individual plants, their heights in relation to heights of other plants, the size and
combustibility of their leaves and stems and the degree of continuity of the canopy cover
of all strata; plus variation in the physical environmental factors of slope, degree of rock
exposure, soil surface topography, aspect and shade. The degree of damage caused by
the fire varied from plant to plant and species to species because of variations in
residence time of the fire, flame height and scorch height.
It was found that some useful generalizations could be made about the experimental fire.
The fire was of lowest intensity and flame height and residence time was longest on the
lower slopes of the experimental catchment. On the upper catchment benches, the fire
was of more uniform and higher intensity, flame height reached the upper canopy and
residence time was shortest.
Certain community reponses were found to correlate with the fire's behaviour. High
values for post-fire species richness, high species density, prolific seed germination and
prolific plant resprouting were observed to correspond with the homogeneous, high
intensity fires on the upper benches of the catchment. It was inferred that the observed
differences in fire behaviour had been repeated in previous fires. A consistency in the
coincidence between community response characteristics (e.g. a high percentage of
individual shrubs which had survived previous fires on the lower slopes), and fire
behaviour on each topographic unit (e.g. low intensity burning on the lower slopes),
formed the evidence for this conclusion. The repetition of fire behaviour and community
response relationship is fundamental to the predictive value of the results of this
experiment.
2. Maintenance of the gradient in species composition.
There were no distinct boundaries, at any sampling time, between the species association
which constituted the plant community. The species composition of the plant community
consisted of a spatial gradient. Association analyses applied to each time-set of data
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revealed that a fundamental spatial pattern remained throughout the experiment but ithe
pattern lost detail in the early post-fire stages. Before any seedlings had germinated and
after the surviving individuals had begun to resprout, the community was classified into
two spatial, compositional units. One was located on the upper benches and was
characterized by the cyperaceous and restionaceous species of the prebum woodland
associations. The second was located on the lower slopes and was characterized by the
graminoid and pteridophyte species of the forest associations.
Corresponding to the onset of the germination phase of recovery, between six and
twelve months after the fire, a strong heterogeneity entered the classification. The
classification of individual lm x lm quadrats was different to that of the pre-fire
association classification. Between six and twelve months after the fire individual lm x
lm quadrats from different 5m x 5m permanent vegetation quadrats were grouped
together. This mixed classification resulted from the opportunistic germination of seed of
a broad spectrum of the total community's available seed.

Following the main

establishment phase of seedlings, between six months and four years after the fire, the
distinct pre-fire association spatial pattern had re-established. A small number of
species redistributions and losses caused some individual lm x lm quadrats to remain
classified separately from their neighbouring quadrats.
The high degree of opportunistic germination in the first twelve months following the
fire, the subsequent selection of species into spatially distinct species associations and
the high degree of heterogeneity in the physical environment are likely to be the factors
maintaining the compositional gradient which was characteristic of this community.
3. The effect of fire intensity.
This study has advanced our understanding of the fire intensity/seed germination
relationship. Although seed germination was observed to be more prolific in parts of the
community burned with high intensity, (particularly for the nitrogen-fixing leguminous
species), it was subsequently found that, as the community grew older, the abundance
of these species generally declined to the pre-fire level. These findings suggest that the
high fire intensity/prolific seed germination relationships observed elsewhere (e.g.
Christensen & Kimber 1975; Shea et a l 1979; Bradstock and Myerscough 1981;
Posam entier et al. 1981), in studies of a shorter duration, may be a temporary
phenomenon of the earliest phases of community recovery. It is therefore dangerous to
infer a high density of adult plants from a burst of dense germination following
high-intensity fire. The significance of the difference between post-fire germination and
post-fire establishment has not been identified clearly enough in the literature. As a
result, there appears to be confusion associated with the application of this phenomenon
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in forest management and high intensity fire has been promoted as a management tool for
control of the species composition of the post-fire community (e.g. Groves 1986).
Long-term studies of populations would be needed before it could be established that the
thinning of species after high intensity fire was a common phenomenon.
Although interpretation of the Muogamarra study is limited by the lack of unbumt control
samples, the data do provide strong evidence that the fire created changes in the species
composition and community structure in some locations within the plant community.
Generally, the sites where most species changed their densities as a result of the fire
were sites of highest fire intensity. Changes in species densities after high intensity fire
occurred predominantly as a result of post-fire seed germination. In areas of low
intensity fire, the herbaceous species increased their distributions as a result of
adventitious growth. The nitrogen-fixing legumes decreased in density under low
intensity fire as a result of death of senescent individuals which had survived the fire and
failure of germination and establishment after the fire.
4. Fire-induced thicket development.
A fire-induced community change which did not appear to be related to fire intensity
was observed in two locations. Both were on the benched slopes adjacent to the
catchment watershed. A large increase in the density of both Allocasuarina littoralis and
Banksia ericifolia

resulted directly from prolific, concurrent germination and

establishment of seed which was inferred to have germinated as a result of the fire. Seed
release after opening of serotinous fruits is common in both of these species.
Germination occurred in the first late-autumn to mid-winter period after the fire.
Evidence in the literature suggests that establishment would have been substantially
reduced if summer germination had followed a spring fire (Bradstock & Myerscough
1981).
Both species developed thickets in locations where large mature individuals, but not
thickets, had been present before the fire. A multivariate analysis (Austin 1977) was
applied to multidimensional sets of the data, i.e. location / time / species composition /
species abundance. The development of the thickets differed from the common
developmental trend which was observed in the other parts of the community.
The Principal Component Analysis has not been included in detail in this thesis because
it did not reveal any new information.

As had been the case with the Association

Analyses, familiarity with the recovery responses of individual species and associations
of species was fundamental to interpretation of the multivariate analysis. The usefulness
of the multivariate analysis was limited to an affirmation that the creation of thickets had
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changed two localized areas of the community. The Principal Component Analyses
produced a two dimensional image of two types of temporal change which have been
described in detail in the preceding chapters.
The first type of temporal change occurred in areas where thickets of particular species
were not initiated by the fire. The trajectories derived from the principal component
analysis described a closed arc in which the 4 year to 8.5 year species associations
converged towards or across the pre-fire associations. By 13 years the associations
appeared to be changing independent of the fire (Fig. 17). The trend was shown to be
temporal rather than spatial because the trajectories which described the total data set for
each sample grid were very similar to those which described sub-units of the same
sample grids. The principal components which made the major contributions to variation
in the total data set were the same as those for the sub-units of the sample grids, although
each species assemblage had an independent set of main principal components.
The second type of temporal change was observed in two of the species associations.
The thickets which developed in Species Assemblages 3 and 7 produced trajectories
which described much more open arcs which, at 13 years after the fire, had not
converged on the pre-fire association (Fig. 18). A comparison of the morphological
structure o f the species assem blages indicated that there was possibly some
environmental control over thicket development other than season of burn or weather
conditions subsequent to the fire. The species frequencies for Allocasuarina littoralis
were similar in Species Assemblages 3 and 6 however the thicket structure failed to
develop in Species Assemblage 6. Some factor was inhibiting growth of this species on
one bench slope whereas growth was enhanced on the adjacent upslope bench.

A

mixed shrub understorey developed to seed-bearing maturity in Species Assemblage 6
while the few shrub species which germinated after the fire in Species Assemblage 3
either failed to establish or remained immature. Before the fire the structure of both
species assemblages had also differed dramatically. Species Assemblage 3 had consisted
of scattered mature Allocasuarina littoralis and an herbaceous ground cover while that of
Species Assemblage 6 consisted of a mixed continuous shrub understorey. The limits of
the results of the study do not permit an examination of whether there was an available
mixed shrub seed source which remained dormant in Species Assemblage 3. Nor can
they reveal whether, if seed was available, it was inhibited by the presence of a dense
mat of the Allocasuarina littoralis litter. Alternatively, thicket development may simply
be delayed in Species Assemblage 6. The capacity of these species to create post-fire
change in the structure and composition of the community appears to be sufficiently
strong that the results of further studies related to the tenacity of these thickets after
successive fires would be profitable for plant community management purposes. These
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Figure 17. Ordination of Permanent Quadrat 6 through time using
principal component analysis. Time trajectories are shown as lines
linking observations at different times (numbers indicate sampling
time).

6

Second component
Figure 18. Ordination of Permanent Quadrat 3 through time using
principal component analysis. Time trajectories are shown as lines
linking observations at different times (numbers indicate sampling
time).
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results do point to a fine-scale spatial change in the community after fire.
5. Recruitment of species into the mature community.
An im portant result which was described in Chapter 6 was the observation that
recruitment of species could occur within a mature plant community many years after the
fire. Many authors have referred to casual observations of germination within a mature
community but few have considered it important when interpreting the results of
population studies. This study does not establish whether late recruitment resulted from
long-distance dispersal, delayed dispersal or delayed germination. It was possible that
seed may have dispersed from elsewhere in the catchment. However, it is inferred, from
a lack o f adjacent mature individuals and a presence of abundant ungerminated seed in
the immediate post-fire environment, that delayed germination resulting from alteration
of the micro-environment of the seed was the most likely explanation for many late
recruitments.
Both spatial and temporal changes in local species distributions were observed to have
been associated with local changes in the physical environment. Individual plants in the
recovering community had a determining influence on the local environment of each
association, i.e. in terms of protection against desiccation and relocation of nutrients
through litter-fall and decay. There was no evidence that a deterministic change
perm itted entry of previously unrecorded species for which the earlier post-fire
environment had been unfavourable. Indeed, there was no evidence that existing or
potential species in this community were capable of the long-distance migration which
would be necessary for invasion to occur. Instead, a seed store in the soil, in the litter
and in protected rocky crevices was inferred to have contributed recruited species as the
community proceeded through post-fire recovery. This seed store need not necessarily
be exhausted in the immediate post-fire flush of germination, but may actually
accumulate over several inter-fire periods. The continuing alteration of the local
environment permits a slow replenishment of the community with species which were
characteristic of the initial floristic composition of each site.
Considerable risks have been shown to be associated with germination in this particular
type of immediate post-fire environment (Purdie 1977 a&b; Leigh & Holgate 1979;
W helan & Main 1979; Mills 1983; Mills 1986; Bradstock 1985). Such risks arise
from desiccation and grazing and later from competition with contemporary members of
the community. The risk of local extinction is reduced by the large number of seedlings
of each species which germinate in the immediate post-fire environment. Many fail to
establish but a few individuals of most species find a favourable niche somewhere in the
developing community. Less germination occurs after the community has matured but
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the results of this study indicated that the percentage of species which establish may be
higher. The late recruits to the community were observed to be retarded in growth
except where the community had developed a recent "open space" through which the
recruit could emerge. In the Hawkesbury Sandstone environment there is a high degree
of structural heterogeneity and "open spaces" are common. The experiment has shown
that the species composition of the community is likely to be replenished even though the
community remains free of fire for many years. No evidence was found to support the
notion that the com m unity would pass into a "decadent" phase of community
development in the absence of fire (Specht et al. 1958) even though individual plants
may become senescent and die.

This is a valuable area of research for further

population-level studies.
6. Short distance change in species distribution.
A further important finding was the identification of a ubiquitous, short-distance,
post-fire distributional change for most species in the plant community. Mobility was
derived not only from seed dispersal but also from lateral adventitious growth of
individuals which survived the fire. The fire was an agent of small scale distributional
change.

W hat advantages this mobility represents in terms of rotational use of

resources, or what disadvantages, in terms of continued dependence on survival of an
"at risk" stage in the life-cycle, are questions beyond the scope of my study but should
form the basis of further useful investigation.
7. The importance of fire frequency.
The finding that the middle and lower understorey strata were dominated by species
which depended heavily on seed germination and establishment for post-fire survival has
important management implications for the Hawkesbury Sandstone vegetation-type. It
has been suggested that a reduction in fire frequency may create local extinction of a few
of these species (Bradstock & Myerscough 1981; Zammit 1986). Little is known about
the maturation times and seed dormancy of the Hawkesbury Sandstone species (Benson
1985). Specific research is needed to show whether recruitment of these species into
mature communities can offset a potential fire-induced reduction in their populations.
The results of this study suggest that individual plants of these species may always find
a protected niche. The shrub component of the understorey may be largely eliminated
through a manipulation of the fire regime which regularizes and shortens the frequency
of fire. Those species which have survived in refuges, such as areas in which local fuel
discontinuity results in a patchy distribution of fire, may provide a close-by source of
new recruits. A similar suggestion has been made about dominant species in plant
communities in other parts of the world (Lloyd 1968; Zedler et al. 1983).
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8. Experiment design and artificial results.
This study has highlighted some problems which may be inherent in the design of
experiments in some other post-fire studies that purport to investigate plant succession.
My results have demonstrated that the fire history of a plant community determines
post-fire species compositions, densities and distributions. It has shown that little trust
can be placed in studies which are based on the assumption that similarity occurs in fire
history and species composition, density and distribution of comparative different aged
communities. In addition, the study has shown that additions and losses of species
which appear in studies where the sampling technique uses small scale quadrats,
transects or random points samples could could be artifacts of the sampling technique. A
compositional variability of such magnitude was identified within the community that
"matched-sites" in a synchronic study would almost certainly have been expected to
differ rather than be siipilar.
9. Models of succession.
There is a danger inherent in trying to couple the post-fire recovery process which was
observed at Muogamarra with any model, thus far proposed in the literature, which
predicts chronological replacement of one community with another. The danger is, that
in doing so, it will perpetuate a belief that the post-fire recovery process in fire prone
environments is in any way associated with a classical succession concept.
It is impossible to reconcile the process of post-fire recovery observed at Muogamarra
with the classical linear successional model of Odum (1971). There was little difference
between the composition of the pre- and post-fire community, a phenomenon referred to
as "autosuccession" (Muller 1952; Hanes 1971). A major difference between the
Muogamarra study site and other study sites was the complete absence of any species,
either exotic or endemic, which could perform the role or take the place of the Fire
Ephemeral. There was little evidence of long-range dispersal in any of the species located
in or near the study site.
Several indicators of a successional process have been proposed by ecologists i.e. i)
sequential arrival of seres in which new recruits appear and pioneering species depart; ii)
sequential shifts in the dominance of particular species which have been present in the
community from the time of the disturbance; and iii) species diversity changes over time
since the disturbance.
The results outlined in the preceding chapters indicated that recovery did followed a path
which was in some respects cyclic. The term "cyclic" has been used in several different
senses in the literature. Christensen (1985) proposed a "cyclic" recovery process in
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shrublands, by suggesting that changes within the community over time enhanced the
probability of further disturbance. In addition, he suggested that the absence of fire
could be regarded as a "stress" in fire-prone communities. In contrast, the results of the
Muogamarra study indicate that the plant community in the study area, while becoming
more fire-prone over time since fire, had not displayed any response to potential "stress"
in the absence of fire and had begun to be replenished by seed sources within the
community. A "cyclic" process in which differing stages in recovery are present at any
single time has more application to the results of this study. At an age comparable to the
pre-fire age, the community appeared to have returned to its pre-fire species
composition. Throughout its post-fire development there were, within the community,
patches of younger development. Sometimes this was limited to individual plants,
sometimes a much larger patch which appeared where a secondary disturbance (e.g. soil
erosion, death of a canopy tree) had occurred. Once it had recovered to its pre-fire
condition, the Muogamarra community could have experienced another fire equivalent to
that to which it was subjected experimentally with similar consequences. It would be
necessary to observe the Muogamarra community for a longer time before it could be
claimed with confidence that the post-fire community had achieved stability and was
self-perpetuating.
The species observed in this study demonstrated a resilience which indicated that a single
fire was not a catastrophic event with the capacity to initiate successional changes in the
community. Although this result may have conflicted with popularly held beliefs at the
inception of the study, it no longer represents a unique finding. Studies which have
been published during the last 15 years have repeatedly failed to locate evidence to
substantiate the existence of classical secondary post-fire succession in fire-prone plant
communities e.g. Purdie (1977 a & b ) , Whelan (1977) and Posamentier et al. (1981) in
Australia; Traboud and Lepart (1981) in France; Abrahamson (1984) in Florida and
Bock and Bock (1969) and Zedler (1981) in California.
The suggestion in this study that it is possible to manipulate a community by
manipulating a fire regime contributes to the concept of 'ecological drift' (Jackson 1968)
but no evidence was found that species other than those already present would invade the
area if fire frequency were lengthened. At this point the 'ecological drift' concept can not
adequately be applied to the results.
In a limited sense the Initial Floristic Composition model (Egler 1954) could also be
applied to the results of the Muogamarra study.

It was found that the pre-fire

composition of the community determined the post-fire species composition. Although
recruitment slowed after an initial post-fire pulse, subsequent recruitment was not
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restricted nor was it inhibited on the broader scale of the community. Shifts in the
dominance of particular species over time since disturbance were apparent. Egler's
model cannot therefore be applied in full to the results.
The experimental fire at Muogamarra did not initiate a "succession" (i.e. a chronological
replacement of one community with another) in the plant community. It did not disrupt
the tree canopy, it created only minor local distributional adjustments to the understorey
strata and there were no species wich invaded the community from outside of the area.
The Muogamarra study indicates that future studies concerning variation in species
composition in response to fire should focus on the processes which control temporal
and spatial variation of particular plant communities. Such studies must be permitted to
mature beyond the paradigm of classical succession. Redefinition of "succession" will
not enhance our understanding of the change in plant communities in response to
recurrent disturbance.
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APPENDIX 1
A PRE-FIRE DESCRIPTION OF THE VEGETATION OF THE EXPERIMENTAL
CATCHMENT
Tree canopy species.
The upperm ost benched slopes supported a low open woodland (Specht, 1970)
dominated by Eucalyptus haemastoma and Eucalyptus gummifera. These trees were less
than lm high and extremely sparsely distributed.
The second unit on the lower benches supported low woodland dominated by Eucalyptus
eximia and Eucalyptus umbra. These trees were less than 10m high and the canopy cover
was less than 30%
The third unit on the lowest, steeply sloping, debris slopes, predominantly on the
sheltered, south-facing slope, supported an open forest dominated by Eucalyptus
punctata and Angophora costata. These trees were less than 20m high and the canopy
cover was mostly less than 60%.
A fourth small unit of low open woodland dominated by Angophora bakeri occupied the
lowest level of a ridge which rose to the north to form the watershed of the adjacent
catchment.
A fifth unit comprised a tiny treeless corridor at the lowest level of the creek. This area
was dominated by Callicoma serratifolia.
The sixth unit was treeless and non-contiguous. Small areas of tall closed graminoid
heathland (Specht, 1981) were scattered at the head of channel drainage throughout the
Eucalyptus haemastoma!Eucalyptus gummifera low open woodland.
Understorev species.
Association A.
Association A was divided on the presence of Leucopogon microphyllus and Banksia
oblongifolia. Other common species in this association were Actinotus minor, Acacia
suaveolens, Angophora hispida, Banksia ericifolia, Bossiaea heterophylla, Baeckea
imbricata, Boronia ledifolia, Dillwynia retorta, Dampiera stricta, Epacris pulchella,
Eucalyptus haemastoma, Goodenia bellidifolia, Grevillea sericea, Hakea gibbosa,
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Hibbertia stricta, Gonocarpus teucrioides, Lepyrodia scariosa, Lomandra obliqua,
Leptospermum attenuatum, Pulîenaea elliptica, Phyllota phylicoides, Peîrophile pulchella,
Pimelea linifolia, Ptilanthelium deusîum, Xanthorrhoea resinosa andXanîhosia tridentata.
The vegetation community formed by this association consisted of very sparsely
distributed mallee Eucalyptus haemastoma trees up to 3m high and a dense shrub layer
no higher than 1.5 m.
The Association was located on the divide at the eastern extremity of the experimental
catchment. This area was relatively level with a slope of 2° to 5° to the west. The soil
was extremely shallow and sandy. It covered large horizontal rock surfaces which were
exposed in a number of places. Sparse leaf litter was observed on the surface of the
ground and very little organic matter could be seen in the upper levels of the sandy soil.
Due to its position this area would be drained very rapidly after rain, possibly resulting in
frequent water stress on its vegetation community.
The area formed the most exposed aspect in the whole of the catchment. Reference to the
fire records of the Muogamarra Nature Reserve showed that this area was burnt in 1963
and again in 1965 when a fire burnt most of the catchment.
Association B.
Association B was divided on the presence of Leucopogon microphyllus, and the absence
of Banksia oblongifolia. Species included in this association were similar to those in
Association A. Notably absent were Angophora hispida, Eucalyptus haemastoma,
Goodenia bellidifolia, Hakea gibbosa, Ptilanthelium deustum and Banksia oblongifolia.
New species in this association were Anisopogon avenaceus, Acacia ulicifolia,
Allocasuarina littoralis, Entolasia stricta, Eucalyptus eximia and Platysace linearifolia.
The structure of the vegetation community formed by this association was slightly
different to that of Association A. The low mallee trees were replaced by sparsely
distributed Eucalyptus eximia up to 7m high. The shrub layer was as dense as that in
Association A but was dominated by the taller shrubs of Banksia ericifolia that were up to
3m high. Also the average height of the shrub layer was taller, approximately 2m.
The Association was immediately adjacent to the level ridge area of Association A. The
amount of leaf litter and organic matter in the soil did not obviously differ from those
observed with Association A.
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Association C.
Association C was a spatially distinct association divided on the absence of Leucopogon
microphyllus and the presence of Callicoma serratifolia. Most of the species forming
Associations A and B were absent in this association, the common species being Acacia
linifolia, Acacia ulicifolia, Allocasuarina littoralis, Dianella caerulea, Dodenea triquetra,
Grevillea sericea, Gahnia melanocarpa, Gleichenia dicarpa, Pteridium esculentum,
Pultenaeaferruginea, Pultenaea daphnoides, Stylidium graminifolium, Xanthosia pilosa
and Tristania laurina. This association formed a community of tall dense shrubs to small
trees in the case of the Tristania laurina and the Callicoma serratifolia, the lowest layer of
ferns and sedge-like plants also being very dense.
Association C occupied a small pocket of level ground on the northern edge of the lowest
reaches of the creek. This was the most sheltered area in the catchment. The soil here
was deeper and, while still very sandy, was discoloured by organic matter. There was a
considerable amount of leaf litter caught in the shrub cover and on the ground. The soil
was possibly relatively richer in nutrients due to its position at the base of the slope.
Association D.
Associations D and E were the least well separated of the hierachy. However, they were
considered separately as they did occupy spatially distinct areas.
Association D was divided on the absence of Leucopogon microphyllus and Callicoma
serratifolia and the presence of Pultenaea elliptica. The common species were similar to
those of Association B with the addition of Eucalyptus punctata, Lomandra multiflora,
Lasiopetalumferrugineum, Micranthium ericoides, Phyllanthus thymoides and Schoenus
imberbis. Noticeably absent, however, were those denser shrubs which were dominant
in Association B, i.e. Banksia ericifolia, Angophora hispida, Leucopogon microphyllus,
Baeckea imbricata and Epacris pulchella. Association D contained a denser distribution
of the tall Eucalyptus spp. (up to 15m high) and a sparser shrub layer (about l-2m high)
than did Association B. The herbaceous ground cover species became more profuse in
this area.
Association D was located on the upper half of the debris slope of the catchment which
had a slope of from 14° to 20°. There were large and small boulders between which
relatively heavy quantities of leaf litter were caught. However, the soil also occupying
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these spaces appeared to be shallow and sandy. Much seepage water and surface run-off
were observed to flow over this area during the wetter periods of the experiment.
Association E.
It could be said that Association E existed by default, i.e. it was divided on the absence of
all other dividing species. However, it was considered to be significant owing to the fact
that the absence of certain species may reflect an ecological discontinuity which could be
relevant to the combination of those species which are present. New species common in
this group are Astrotricha floccosa, Gompholobium grandiflorum, H ibbertia nitida,
Hovea linearis, Lomandra glauca, Lomandra longifolia, Platysace lanceolatus, Pomax
umbellata and Pteridium esculentum.
Generally the tree species here were taller and more densely distributed but the shrub
layer was much the same as that in Association D.
The association occupied the lowest and steepest debris slopes of the catchment as well as
the gently sloping spur forming its northern divide. The soil and drainage characteristics
were similar to those of Association D.

live 0-1
636.85
773.86
468.85
580.99
1128.57
614.25
289.93
649.18
518.96
649.36
716.63
566.05
1253.22
525.83
mean:
669.47
S.D.
250.49
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dead 0-1
732. 92
779. 63
924. 61
1639. 87
392. 40
937. 72
617. 90
712. 89
372. 29
1064. 52
723. 00
1558. 18
1827. 16
1391. 17

live 1-2
0.00
23.54
3.19
29.96
17.82
63.31
61.78
11.33
0.00
77.37
56.83
272.75
415.21
273.53

976. 73

93.33

460. 15

129.68

dead 1-2
0.00
0.00
0.00
0.00
0.00
21.53
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Biomass data for harvested samples (g/m^)

live 2-3
0.00
0.00
0.00
0.00
110.66
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

total biomass
1369.77
1577.03
1396.65
2250.82
1649.45
1636.81
969.61
1373.4
891.25
1791.25
1496.46
2396.98
3495.59
2190.53
1748.97
667.20
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APPENDIX 3
FIRE DATA
1. Rainfall and temperature details for the three months before the experimental fire.
In the January preceding the experimental fire, the average temperature was 29.1°C.
Temperatures over 30°C occurred on fourteen days with two days in excess of 40°C. On
five days the temperature dropped to below 25°C. The total rainfall was 82.0 mm.
In February the average temperature was 25.6°C. Temperatures over 30° C occurred on
nine days with three days in excess of 40°C. On fifteen days the temperature dropped to
below 25°C. The total rainfall was 170 mm.
In the March the average temperature was 28.6°C. Temperatures over 30°C occurred on
ten days with two days in excess of 40°C. On seven days the temperature dropped below
25°C. The total rainfall was 39.4 mm.
In April, two days proceeding the fire had maximum temperature of 21.1 °C and 22.8°C.
No rain fell.
2. Fire intensity data
The intensity of a fire, the output of energy from a unit amount of fuel and the rate at
which the fire is advancing is calculated by the equation:
I = HWR/600
where
I = the fire intensity in kilowatts per minute
H = the heat yield in kilojoules per kilogram
W = the weight of available fuel in tonnes per hectare
R = the rate of forward spread in metres per minutes.

The figure of 16,000 kJ/kg is generally taken as the average value for heat yield (Luke &
McArthur 1978).
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TEST FIRE 1.
Test fire 1. involved dense shrub cover and demonstrated predictable initial development
under calm conditions. Initial wide lateral development changed to rapid acceleration of
forward spread with gusting easterly winds and localized heavy fuels. The shrub stratum
was totally burnt and there was total combustion of fine fuels.

oven dry wt. fine fuels (up to 6cm diam.)
oven dry wt. living fuels (up to lm height)

6.7 t/ha
+

tiiSiZha

total 13.5 t/ha
fuel remaining following fire

Q,Q t/ha
AVAILABLE FUEL 13.5 t/ha

Intensity

=

Hwr
600
16.000 x 13.5 x 1
600

=

360 kw/m

TEST FIRE 2.
Test fire 2., located on the catchment's upper levels and in well-stratified living fuels,
demonstrated rapid forward spread upslope under windy conditions. Only coarse shrub
parts remained and 1.2 t/ha of fire fuel remained on the ground after the fire.
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oven dry weight fine fuels (up to 6cm diam.)

15.0 t/ha

oven dry weight living fuels (up to lm height)

7.5 t/ha
total

fuel remaining after fire

22.5 t/ha
J_2 t/ha

AVAILABLE FUEL 21.3 t/ha

Intensity

H w r.
600
= 16.000 x 21.3 x 0.8
600
=

454 kw/m

TEST FIRE 3.
Test fire 3., was situated on the lower slopes of the catchment in heavy living fuels.
Flame height was relatively low and flanking fires joined doubling fire intensity. The fire
was extinguished when it ran out of fuel at a vertical rock-face. The fire resulted in
localized total combustion of shrubs and fine fuels.

oven dry weight fine fuels (up to 6cm diam.)

15.8 t/ha

oven dry weight living fuels (up to lm height)

7.5 t/ha
total 23.3 t/ha

fuel remaining after fire

0.0 t/ha
AVAILABLE FUEL 23.3 t/ha
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Intensity

=

H w r.

600
= 16.000 x 23.3 x 1.2
600
=

745 kw/m

TEST FIRE 4.
T est fire 4., showed m inor preference for upslope spread through close packed
Allocasuarina litter and a sparse herbaceous stratum. This fire behaviour was typical of
the lowest levels of the catchment. Mostly shrubs were partially scorched and up to 2.5
t/ha fine fuel remained on the ground after the fire.

oven dry weight fine fuels (up to 6cm diam.)

14.3 t/ha

oven dry weight living fuels (up to lm height)

1.2 t/ha
total

15.5 t/ha
2.5 t/ha

fuel remaining after fire

AVAILABLE FUEL 13.0 t/ha

Intensity

=

M .

600
=16.000 x 13.0 x 0.5
600
=

173 kw/m
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A ppendix 4. S p ecies number / area curves for the species assem blages.

(f) Species Assemblage 7

(e) Species Assemblage 5
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A P PE N D IX 5
Species Gained by Associations After the Fire.
FS - seedlings fail to establish.

DG - Geophyte, dormant prefire.

M ax im u m % freq u en cy of occu rren ce p e r species assem blage

New species
Actinotus helianthi
Angophora costata
Anisopogon avenaceus
Bossiaea scolopendrìa
Caesia parviflora
Cassytha melantha
Conospermum longifolium
Cyathochaeta diandra
Dodonaea trìquetra
Epacris pulchella
Eragrostis leptostachya
Eriostemon australasius
Gleichenia dicarpa
Gonocarpus teucrioides
Gompholobium grandiflorum
Goodenia bellidtfolia
Grevillea sericea
Hibbertia nitida
H. obtusiflora
Kunzea capitata

Species Assemblage
1
2
3
6

20
4
36
4
16

4

4

32

4
24
4

16
72
4
40
8

4
4

4
4
16
4
12
32

Lasiopetalumferrugineumm
Lepidosperma laterale
Leucopogon juniperinus
Lobelia dentata
L .filiform is
Lomandra glauca
L. multiflora
L. obliqua
Micromyrtus ciliata
Patersonia sericea
Phyllota phylicoides
Pomax umbellata
Ptilanthelium deustum
Pultenaea daphnoides
Schizaea dichotoma
Tetratheca thymifolia
Thelymitra sp.
Xanthosia tridentata

32

4
4

24

4
4

12
4

4
4
56

12
8
8
4
4

12
4
4

24
4
4
4

8
4
4
8

7

Mode of
arrival
FS
FS
DG
Seeding at
^ years
DG
DG
FS
DG
FS
Established
DG
FS
Established
FS
FS
DG
FS
FS
FS
Established,
new species
Established,
new species
DG
FS
DG
DG
DG
DG
DG
FS
DG
FS
FS
DG
FS
DG
FS
DG
DG
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APPENDIX 6
OBLIGATE VEGETATIVE SPROUTERS
Tree

Structural Unit
Tall shrub
Shrub
Low shrub/herb

PTERIDOPHYTA
Schizaeaceae
Schizaea dichotoma
Gleicheniaceae
Gleicherda dicarpa
Cyatheaceae
Culcita dubia
Dennstaedtiaceae
Pteridium esculentum
Lindsaeaceae
Lindsaea linearis
ANGIOSPERM AE
Cassythaceae
Cassytha glabella
Droseraceae
Drosera peltata
Drosera spathulata
Proteaceae
Banksiaserrata
Dilleniaceae
Hibbertia nitida
Pittosporaceae
Billardiera scandens
Euphorbiaceae
Ampera xiphlocladia
Myrtaceae
Leptospermum arachnoides
Lobeliaceae
Lobelia dentata
Goodeniaceae
Goodenia bellidifolia
Brunoniaceae
Brunoniella australis
Liliaceae
Caesia parviflora
Dianella caerulea
Smilacaceae
Smilax glyciphylla
Iridaceae
Patersonia sericea

x
X
X
X
X

X
X
X
X
X
X
X

x
X
X
X
X
X
X
X
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OBLIGATE VEGETATIVE SPROUTERS (coni.)
Tree
Xanthorrhoeaceae
Lomandra cilindrica
Lomandra flliform is ssp.filiform is
Lomandra glauca
Lomandra multiflora
Lomandra obliqua
Xanthorrhoea sp.
Orchidaceae
Acianthus sp.
Cryptostylis erecta
Thelymitra sp.
Restionaceae
Empodisma minus
Lepyrodia scariosa
Ptilanthelium deustum
Cyperaceae
Caustis flexuosa
Cyathochaeta diandra
Gahnia sp.
Ptilanthelium deustum
Schoenus imberbis
Gramineae
Anisopogon avenaceus
Eragrostis leptostachya

Structural Unit
Tall shrub
Shrub
Low shrub/herb

x
x
x
x
x
x
x
x
x
x
x
x
x
X
X
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FACULTATIVE SEEDER - SPROUTERS
Tree
ANGIOSPERM AE
Haloragaceae
Gonocarpus teucrioides
Proteaceae
Conospermum longifolia
Dillerdaceae
Hibbertia obtusifolia
Hibbertia stricta
Euphorbiaceae
Micranthium ericoides
Phyllanthus thymoides
Papilionaceae
Gompholobium grandiflorum
Gompholobium latifolium
Myrtaceae
Baekea imbricata
Rutaceae
Boronia pinnata
Umbelliferae
Platysace linearifolia
Stylidiaceae
Stylidium lineare
Gooderdaceae
Dampiera stricta
Cyperaceae
Lepidosperma latérale
G ram m e
Entolasia stricta

Structural Unit
Tall shrub
Shrub
Low shrub/herb
x
x
x
x
x
x

x

x
x
X
X
X
X
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AUTOREGENERATIVE LONG-LIVED SPROUTERS
Tree
ANGIOSPERM AE
Cunordaceae
Ceratopetalum gummiferum
Proteaceae
Banksia oblongifolia
Lambertiaformosa
Myrtaceae
Angophora costata
Angophora hispida
Eucalyptus eximia
Eucalyptus haemastoma
Eucalyptus punctata
Eucalyptus umbra
Leptospermum attenuatum

x
x
x
x
x
x
x
x
x
x

Present in the catchment
but not included in quadrats
Angophora backeri
Angophora floribunda
Eucalyptus gummifera
Eucalyptus piperita

Structural Unit
Tall shrub
Shrub
Low shrub/herb

x
x
x
x
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O B L IG A T E SEED ER S
Tree
A N GlOSPERM AE
Tremandraceae
Tetratheca thymifolia
Thymelaeaceae
Pimelia linifolia
Proteaceae
Banksia ericifolia
Grevillea buxifolia
Grevillea sericea
Hakea gibbosa
Petrophile pulchella
Dilleniaceae
Hibbertia aspera
Hibbertia nitida
Sterculiaceae
Lasiopetalumferrugineum
Myrtaceae
Calytrix tetragona
Eriostemon australasius
Kunzea capitata
Micromyrtus ciliata
Casuarinaceae
Casuarina littoralis
Mimosaceae
Acacia linifolia
Acacia suaveolens
Acacia ulicifolia
Papilionaceae
Bossiaea heterophylla
Bossiaea scolopendria
Dillwynia floribunda
Dillwynia retorta var. retorta
Hardenbergia violacea
Hovea linearis
Pultenaea daphnoides
Pultenaea elliptica
Phyllota phylicoides
Araliaceae
Astrotricha fioccosa
Rutaceae
Boronia ledifolia

Structural Unit
Tall shrub
Shrub
Low shrub/herb
x
x
x
x
X
X
X

X
X
X
X
X
X
X
X
X
X
X
X

X
X
X
X
X
X
X
X
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OBLIGATE SEEDERS (cont.)
Tree
Umbelliferae
Actinotus helianthi
Actinotus minor
Pomax umbellata
Xanthosia pilosa
Xanthosia tridentata
Epacridaceae
Epacris microphylla
Epacris pulchella
Leucopogon juniperinum
Leucopogon microphyllus
Monotoca elliptica
Woolsia pungens
Loganiaceae
Mitrosacme polymorpha
Stylidiaceae
Stylidium graminiflorum
Goodeniaceae
Goodenia heterophylla
Labiatae
Hemigenia purpurea
Graminae
Tetrarrhena juncea

Structural Unit
Low shrub/herb
Tall shrub
Shrub
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
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A P PE N D IX 7
The number of species in each species assemblage which recovered using the different
survival strategies.
Species Assemblage
1

2

3

4

5

7

13

16

17

18

28

25

F .S .S .

6

7

7

10

12

9

O.V.S.

21

23

10

16

25

16

A.L.S.

25

5

4

6

5

4

o.s.

8
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APPENDIX 8
Relative contribution to the morphology o f the community of species demonstrating each
survival strategy.

Species Assemblage 1.
Frequency
ranks

O.S.

F.S.S.

Total
"Seeders"

o.v.s.

A.L.S.

Total
"Sprouters"

<25%

7

3

10

15

1

16

26-50%

3

-

3

2

1

3

51-75%

2

1

3

1

-

1

76-100%

1

1

2

1

-

1

Total
"Seeders"

O.V.S.

A.L.S.

.

Species Assemblage 2.
Frequency
ranks

O.S.

F.S.S.

Total
"Sprouters"

<25%

6

1

7

12

4

16

26-50%

4

3

7

6

1

7

51-75%

-

1

1

4

-

4

76-100%

3

2

5

1

-

1
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Species Assemblage 3.
Frequency
ranks

o.s.

F .S .S .

Total
"Seeders"

O.V.S.

A.L.S.

Total
"Sprouters"

11

4

15

5

1

6

26-50%

2

3

5

4

1

5

51-75%

1

-

3

-

-

1

76-100%

1

1

2

2

-

2

Total
"Seeders"

O.V.S.

A.L.S.

<25%

S pecies A ssem blage
Frequency
ranks

O.S.

4.
F .S .S .

Total
"Sprouters"

<25%

8

6

14

7

3

10

26-50%

1

1

2

3

2

5

51-75%

4

1

5

4

-

4

76-100%

5

2

7

2

-

2
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Species A ssm blagfi-iL Frequency
ranks

o .s .

F.S .S.

Total
"Seeders”

O.V.S.

A.L.S.

Total
"Sprouters"

17

5

22

13

2

15

26-50%

4

4

8

7

3

10

51-75%

2

1

3

1

-

1

76-100%

5

2

7

4

-

4

Total
"Seeders"

O.V.S.

A.L.S.

<25%

Species A ssem blage
Frequency
ranks

O.S.

F.S.S.

Total
"Sprouters"

12

2

14

11

2

13

26-50%

4

3

7

2

2

4

51-75%

3

-

3

2

-

2

76-100%

5

4

9

1

<25%

-

1
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APPENDIX 9
TABLE 1
The num ber of species in each species assemblage which demonstrate fire-induced
changes in frequency between pre-fire community and eight years after fire. (+) increase
in frequency. (-) decrease in frequency.

1

Species Assemblages

2

3

6

7

1
1

1
1

None
2

2
3

Auto regenerative
Lone-lived sprouters

+

None
None

Obli sate Vegetative
Sprouters

+

10
6

10
6

3
6

6
2

lb
3

Facultative Seeder
Sprouters

+

2
2

5
2

4
4

7
1

7
1

+

3
9

5
9

8
6

9
11

14
9

15
17

21
18

16
17

22
16

39
16

Obligate Seeders
“

Total
Total

+

A9 - 164

TABLE 2
Species in Species Assemblage 1 in which a low intensity fire induced large changes in
distribution.
No. of quadrats occupied
Prefire

8 years
after fire

Recovery
Strategy

20
15
9
5

11
1
2
1

O.S.

8
10
5

13
17
18

o.s.
o.v.s.
o.v.s.

Decreasers
Astrotrichafioccosa
Bossiaea heterophylla
Dillwynia retorta
Hardenbergia violacea

o.s.
O.S.

o.s.

Increasers
Acacia ulicifolia
Pteridium esculentum
Eragrostis leptostachya

TABLE 3.
Species in Species Assemblage 6 in which a low intensity fire induced large changes in
distribution.
No. of quadrats occupied
Prefire

8 years
after fire

Recovery
Strategy

14
7
22
7
9
9

9
4
13
2
1
5

F.S.S.
A.L.S.
O.S.
O.S.
O.S.
O.V.S.

4
5
10
6

12
10
17
10

F.S.S.
F.S.S.
F.S.S.
F.S .S.

Decreasers
Gompholobium grandiflorum
Leptospermum attenuatimi
Dillwynia retorta
Lasiopetalumferrugineum
Xanthosia tridentata
Anisopogon avenaceus
Increasers
Lepidosperma laterale
Micrantheum ericoides
Phyllanthus thymoides
Platysace linearifolia
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Actinotus minor
Casuarina littoralis
Epacris pulchella
Grevillea sericea
Lomandra multiflora
Eragrostis leptostachya
Shoenus imberbis

6
10
6
9
1
3
14

14
21
14
12
6
11
17

O.S.
o .s .
O.S.
o .v .s .
o .v .s .
o .v .s .
o .v .s .
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TABLE 4.
Species in Species Assemblage 7 in which a high intensity fire induced large changes in
distribution.
No. of quadrats occupied
Prefire

8 years
after fire

Recovery
Strategy

Decreasers
Bossiaea heterophylla
Boronia ledifolia
Bossiaea scolopendria
Grevillea buxifolia
Hakea sericea
Lomandra multiflora
Petrophile pulchella

4

8
4
7
1
4
13

2
5
0
4
0
0

8

O.S.
o.s.

O.S.
o.s.
o.s.
o.v.s.
o.s.

Increasers
Caustis flexuosa
Lepyrodia scariosa
Cyathochaeta driandra
Lomandra glauca
Dampiera striata
Hibbertia stricta
Stylidium lineare
Micromyrtus ciliata
Phyllota phylicoides
Hemigenia purpurea

0

9
1
0
11

8
8
0
7
0

10
22
24
16
20
15
17

9
16
12

o.v.s.
o.v.s.
o.v.s.
o.v.s.

F.S.S.
F.S.S.
F.S.S.
O.S.
O.S.
o.s.
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APPENDIX 10
The number of quadrats/Species Assemblage in which individual species resprouted one
month after burning.

Species Assemblages

1
2
3
lower slopes

Trees
Eucalyptus exima
E. umbra
E. haemastoma

6

1

3
1

4

TaU Shrub
Leptospermum attenuatum

2

Shrubs lm -2m hi eh
Angophora hispida
Banksia oblongifolia
Lambertiaformosa
Herbs and shrubs eround-lm hi eh
1
Anisopogon avenaceus
1
Entolasia stricta
9
Eragrostis leptostachya
Lomandra filiform is
1
L. multiflora
2
Xanthorrhoea sp.
Lepyrodia scuriosa
3
Cyathochaeta diandra
1
Lepidosperma laterale
Ptilanthelium deustum
Schoenus imberbis
Pteridium esculentum
Gonocarpus teucrioides
Dampiera stricta
Phyllanthus thymoides
Baekea imbricata
Hibbertia stricta
1
Patersonia sericea
Gompholobium grandiflorum

4
5
7
upper benches

11
11

2
25

6
5

1
12
2

4

3

12
19

2
5

8
3

11

11
2
20

18

1
1
1

6
2
5

16
2
2
2

12
2
17

22

25

1
5
1
1
1

2
4
2
1
1

1
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APPENDIX 11.
TABLE 1
Index of Germination (Ig) values.
Species Assemblages
Time after fire

1

2

3

4

5

6

7

1 month

6

0

0

2

0

1

0

2 months

39

28

3

19

17

13

43

6 months

26

76

92

167

144

208

173

12 months

na

na

na

na

72

29

na

4 years

na

na

25

na

15

20

78

8.5 years

7

35

9

63

44

24

99

13 years

13

8

8

9

14

3

14

TABLE2
Index of Sprouting (Is) values.________________________________
Species Assemblages
Time after fire

1

2

3

4

5

6

7

1 month

19

32

45

103

61

19

80

2 months

31

41

52

76

72

56

77

6 months

35

66

28

79

108

71

111

12 months

na

na

na

na

21

6

na

4 years

na

na

4

na

1

17

10

8.5 years

19

48

9

17

33

28

60

13 years

28

38

3

5

0

4

7
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APPENDIX 12
The number of quadrats/Species Assemblage in which an individual species germinated in
the 8.5 -1 3 year post-fire period.

1
Facultative Seeder Sprouters
Baekea imbricata
Bor orda pirmata
Conospermum longifolia
Dampiera strìda
Gompholobium grandiflorum
Gonocarpus teucrioides
Hibbertia stricta
Hibbertia obtusifolia
Lepidosperma laterale
Micranthium ericoides
Platysace linearifolia
Obligate Seeders
Actinotus minor
Acacia linifolia
Acacia ulicifolia
As trotrichafioccosa
Banksia ericifolia
Bossiaea heterophylla
Boronia ledifolia
Allocasuarina littoralis
Dillwynia retorta
Epacris pulchella
Epacris microphylla
Grevillea sericea
Hemigenia purpurea
Hovea linearis
Kunzea capitata
Leucopogon microphyllus
Leucopogon juniperinum
Mitrasacme polymorpha
Micromyrtus ciliata
Phyllota phylicoides
Petrophile pulchella
Stylidium graminifolium
W oolsia pungens
Xanthosia pilosa
Xanthosia tridentata

2

Species Assemblages
3
4
5

1

6

7

1
2
4

2
2
4
2

2
1
1

2
1
1
4

2
1
2
1

2
1

1
1
2
1
1

2
1

1
2
7
2
1
3

3
5
3

1

2
3
2

2

1

1
1

Antoregenerative long-lived sprouters
Eucalyptus umbra
Leptospermum attenuatimi

1
4

